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Abstract
The Sonochemistry Centre at Coventry University is one of a group of
organisations working on a project to develop a new technology for producing
antimicrobial textiles. This technology involves the use of an ultrasonic process
(sonochemical) to generate and impregnate fabrics with antibacterial metal oxide
nanoparticles. The expectation is that these textiles can be produced at an
affordable price for routine use in hospitals as uniforms, curtains, hospital bed sheets
and linen.
The aim of this PhD project was to assess the antibacterial activity of fabrics
impregnated with ZnO and CuO NPs against a variety of Gram positive and Gram
negative bacteria. The testing was principally carried out according to the absorption
method from ISO 20743:2007. Research was also extended to compare different
methods of assessing antibacterial activity of textile fabrics. These included disc
diffusion tests and shake flask tests in saline or nutrient broth.
Overall the results from absorption tests demonstrated that both the ZnO and
CuO impregnated fabrics showed very good levels of antibacterial activity (A>2)
against the test bacteria (Staphylococcus aureus, Methicillin-resistant
Staphylococcus aureus, Acinetobacter baumannii, Escherichia coli, Klebsiella
pneumoniae and Pseudomonas aeruginosa).
During the optimisation of lab scale process to the pilot scale, two different
types of CuO fabrics were produced to test and compare the antibacterial activity.
One type of fabrics were impregnated with pre-made CuO nanoparticles by a
technology termed TTS and the other with sonochemically
formed nanoparticles (in-situ), same as the lab process. The results indicated that
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the fabrics impregnated with sonochemically formed NPs displayed better
antibacterial activity than the pre-made NPs.
Leaching of the antibacterial agents in to saline was investigated using a
shake flask method. CuO and ZnO coated fabrics prepared at laboratory scale were
tested against Staphylococcus aureus, Acinetobacter baumannii and Escherichia
coli. It was found that leachates prepared by shaking the fabrics in saline for 3 hours
showed no antibacterial activity for CuO fabrics. However, leachates from ZnO
fabrics showed an excellent activity after 24 ± 3 hours against all three bacterial
species.
Flow cytometry (FC) was investigated as an alternative to standard agar plate
count (PC) methods for the determination of viable cell numbers. There was a
general agreement between the results from agar plate counts and flow cytometry
except that post incubation counts were greater with FC. The higher numbers of
viable cells detected with FC may have been due to the presence of viable but not
culturable cells (VBNC). Viable cells were observed by fluorescence microscopy in
post incubation samples in which no viable cells were detected on nutrient agar
plates.
Cytotoxicity studies were conducted on ZnO and CuO fabrics from the pilot
scale (both in-situ and TTS) against human dermal fibroblast cells (HDF) and human
hepatocellular carcinoma cells (HepG2) using a MTT assay to determine cell
viability. The results showed that ZnO and CuO are not toxic to HDF cells. However,
cytotoxicity was seen in HepG2 cells with cell viability decreasing by > 14% for all the




               
        
        
    
             
           
       
 
 
               
          
       
            
             
          
          
 
Published work
1. Singh, G., Beddow, J., Joyce, E. M., and Mason, T. J. (2012) 'Evaluation of
Antibacterial Activity of ZnO Nanoparticles Coated Sonochemically onto
Textile Fabrics'. Journal of Microbiology, Biotechnology and Food
Sciences 2 (1), 106-120
2. Beddow, J., Singh, G., Blanes, M., Molla, K., Perelshtein, I., Gedanken, A.,
Joyce, E., and Mason, T. (2012) 'Sonochemical Coating of Textile Fabrics
with Antibacterial Nanoparticles'. AIP Conference Proceedings 1433, 400-
403
3. Singh, G., Beddow, J., Joyce, E. M., and Mason, T. J. (2013) 'Production and
efficacy testing of antimicrobial fabrics for use in hospitals'. Antimicrobial
Resistance and Infection Control 2 (1), 184
4. Perelshtein, I., Ruderman, Y., Perkas, N., Beddow, J., Singh, G., Vinatoru,
M., Joyce, E., Mason, T. J., Blanes, M., and Mollá, K. (2013) 'The
Sonochemical Coating of Cotton Withstands 65 Washing Cycles at Hospital




     
  
             
             
            
                 
           
             
             
               
            
              
            
 
           
             
           
            
                
               
           
            
           
1 Introduction and Literature Review
1.1 Bacteria
Bacteria are single celled organisms that perform a variety of functions vital to
life. Their influence on the environment is vast and profound and they constitute a
major portion of biomass on earth (LaMorte 2012). These unicellular prokaryotic cells
are a complex group of living organisms and play a vital role in the functioning of our
biosphere. They establish relationships with higher organisms that can be either
beneficial or harmful (Paniker 2005). Bacteria are ubiquitous i.e. they can survive at
temperatures above the boiling point of water (>100ºC) and in cold below freezing
point (< 0ºC). One important feature that has enabled them to spread so widely is
their ability to become dormant under adverse conditions for extended periods of
time (Waggoner and Speer 2006). Bacteria can also live or feed on many materials
including plastic, wood, fabrics and a variety of other organic materials (Paniker
2005).
Bacteria are detrimental when they lead to infection (Poxton 1993). Most
bacteria that form the normal flora are also opportunistic pathogens and can cause
infections if suitable conditions arise. For example, Staphylococcus aureus is an
opportunistic pathogen and is a leading cause of bacterial infections in humans.
However, it is carried by about 20 30% of the population and can be easily
transmitted from the nasal membrane of a carrier to a new susceptible host. It can
cause infections of the skin, heart, lungs and brain. Streptococcus pneumoniae
occupies the upper respiratory tract as part of the normal flora. In
immunocompromised people, it can colonise the lower respiratory tract and cause
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pneumonia. Streptococcus pneumoniae is responsible for 95% of all bacterial
pneumonia infections (Todar 2009).
1.2 Description of bacterial ultrastructure
The typical structure of a prokaryotic cell is depicted in Figure 1. The outer
layer of a bacterial cell consists of a cell wall and plasma membrane. The main
function of the cell wall is to prevent cells from rupturing due to changes in osmotic
pressure and to maintain cell shape (LaMorte 2012). The plasma membrane
surrounds the essential components of a bacterial cell including cytoplasm,
ribosomes, mesosomes, vacuoles, granules and the nuclear body. Unlike
eukaryotes, the genetic material (DNA) in bacteria is not contained in a nucleus but
is free in the cytoplasm (Paniker 2005).
Figure 1 Typical structure of a prokaryotic cell. Image taken from
http://biology.about.com 
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1.2.1 Cell wall
Gram staining is the most commonly used staining technique for the
identification of bacteria using light microscopy. The staining characteristics of
bacterial cell walls are used to differentiate bacteria into two broad categories: Gram
positive and Gram negative. Gram positive cells stain a deep blue/purple colour with
a solution of crystal violet. Gram negative cells do not retain the dye and are instead
counter stained with a red dye such as safranin (Figure 2). 
In Gram positive bacteria the cell wall contains a thick multilayer protein and
carbohydrate called peptidoglycan which makes up approximately 90% of the cell
wall structure (Figure 4). Due to the high amount of peptidoglycan in the cell wall of
Gram positive bacteria, they retain crystal violet. In contrast, Gram negative bacteria
have a much thinner cell wall making up less than 20% of the structure and do not
retain the crystal violet stain (Fix 2013).
Figure 2 Gram stain images of Gram positive (A) Staphylococcus aureus and (B)
Gram negative Escherichia coli. S. aureus retains crystal violet and appears as purple
cells and E. coli retains safranin showing as red/pink colonies under a microscope
(Cotter 2006)
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The differences between Gram positive and Gram negative cell walls are
summarised in Table 1. Gram negative bacteria possess an outer lipid bilayer made
up of phospholipids and lipopolysaccharide moieties called the outer membrane.
This outer lipid layer is linked to a thin peptidoglycan layer in the periplasmic space
(Figure 3). Gram positive bacteria have teichoic acids in their cell walls which consist
of polyhydric alcohol (ribitol or glycerol) and phosphate groups. There are two
classes of teichoic acids; lipoteichoic acid and wall teichoic acid. Lipoteichoic acids
transverse the peptidoglycan layer and are physically connected to lipids in the
cytoplasmic membrane. The wall teichoic acids do not transverse the peptidoglycan
layer but are physically connected to it. Teichoic acids are negatively charged
because of the phosphate group in their molecular structure. This adds rigidity to the
cell wall by binding to cations such as magnesium and sodium. They are also
involved in regulating the movement of cations into and out of the cell (Todar 2009).
Figure 3 The cell wall structure of Gram positive and Gram negative bacteria (Cotter
2006) 
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Table 1 Differences between the cell walls of Gram positive and Gram negative
bacteria (Cotter 2006)
1.2.2 Cytoplasmic membrane 
The cytoplasmic membrane or plasma membrane is a lipid bilayer 5 10 nm
thick lining the inner surface of the cell wall. It acts as a permeability barrier and
contains a range of different transport systems that mediate the inflow and outflow of
metabolites to and from the protoplasm (LaMorte 2012). Prokaryotic cells lack
intracellular organelles for respiration or photosynthesis, but many species possess
the ability to conduct these processes as a function of their plasma membrane
(Todar 2009).
1.2.3 Capsule
Some bacterial species possess a third protective layer of complex
carbohydrates (polysaccharides) covering the outside of the cell wall that help to
protect the bacteria from phagocytosis by larger micro-organisms. This layer is called
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the capsule or glycocalyx. The capsule is considered to be a major virulence factor,
as it enhances the ability of bacteria to cause infection (Paniker 2005). The capsule
also protects bacteria from engulfment by white blood cells (phagocytes) and from
attack by antimicrobial agents of plant or animal origin (Todar 2009).
1.3 Control of microbial growth
inhibit or restrict microbial growth. This can be done either by killing or by inhibiting
the growth of microorganisms. The agents which kill bacteria are called bactericidal
and agents which inhibit the growth of bacteria are referred to as bacteriostatic. A
bactericide kills bacteria; a fungicide kills fungi and so on.
It is very important to control microbial growth in many practical situations such
as in medicine, food science, water and in agriculture. In terms of medical
microbiology, uncontrolled growth of microbes can lead to infections and outbreaks
that can cause death. In a laboratory environment working under aseptic conditions
(sterile conditions) is very important to obtain accurate results.
Sterilization in microbiology is a process of complete destruction of microbes.
There is no degree of sterilization: either an object is sterile or it is not. Microbial
growth can be eliminated using physical or chemical methods which either kill or
inhibit growth. Physical methods include the use of heat, radiation, filtration, boiling
and autoclaving. Chemicals used to decontaminate objects are termed disinfectants.
Examples of chemicals used for sterilization include; formaldehyde, ethylene oxide,
hydrogen peroxide, phenol, ozone and peroxyacetic acid. These compounds are
biocides that destroy microorganisms but due to their toxicity, their application is
restricted to cleaning products (Denyer and Stewart 1998). Microbial control in living
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tissues requires compounds with higher selectivity and lower toxicity than that of
disinfectants (Denyer and Stewart 1998).
1.3.1 Antiseptics and Antibiotics
Antiseptics are antimicrobial substances that are chemically non-toxic to living
tissue and are applied to reduce the chance of infection. Antiseptics include iodine,
silver nitrate, alcohol and hydrogen peroxide. Antiseptics generally act in a non-
specific manner on bacterial cells, disrupting cell membranes. They injure the
plasma membrane and denature proteins resulting in the inactivation of enzymes
(Demezas 1999).
Antibiotics are drugs that either kill or inhibit the growth of bacteria. They can
be natural, synthetic or semi-synthetic compounds. Antibiotics are classified using
various schemes such as their bacterial spectrum of activity (broad or narrow
spectrum) or the type of activity they display (bacteriostatic or bactericidal). The main
-lactams, macrolides, tetracycline and aminoglycosides
(Todar 2009). Antibiotics principally operate by interfering with bacterial
chemosynthesis: i.e. the synthesis of DNA, RNA, proteins and the cell wall. To
minimize toxicity during use, the target of the antibiotic should be very selective.
Many antibiotics act against the cell walls and cell membranes of bacteria.
The cell wall of bacteria continuously expands by the synthesis of peptidoglycan (a
polymer of sugar), N-acetyl glucosamine (NAG) and amino acid, N-acetylmuramic
acid (NAM) strands. These strands are linked together by an enzyme called trans-
peptidase to form a rigid cell wall. For cells to grow in size and reproduce, the cell
wall must be able to expand with the growing interior. Some antibiotics interfere with
the synthesis of peptidoglycan by preventing cross linkage of the strands. This
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reduces the strength of the cell wall and can result in osmotic lysis of the cells (Fox
2010).
- -lactam ring
gives the antibiotics its function. It is structurally similar to the substrate of the
enzyme involved in the last stage of cell wall synthesis. The antibiotic binds
irreversibly to the enzyme preventing the formation of cross links in the
peptidoglycan. Other side chains or modifications to the -lactam rings can confer
traits such as resistance to enzymes that degrade penicillin, a change to the
mechanism of cell wall penetration or a reduction in toxic side effects (Fox 2010).
-lactam antibiotics that target the cell wall, the largest group of
antibiotics are those that inhibit protein synthesis. Protein synthesis is a process that
involves RNA transcription and translation. Many classes of antibiotics target
ribosomal subunits or critical enzymes to prevent translation and inhibit growth. Most
antibiotics target RNA translation. In this process, bacterial ribosomes read the
messenger (mRNA) sequence and bind to transfer RNA molecules (tRNA) carrying
the amino acids to be added to the growing protein chain. Antibiotics are able to
specifically target this step because the ribosomes of prokaryotes are sufficiently
different from those of eukaryotes (Ware 2012).
1.3.2 Antibiotic resistance
Bacterial resistance to antibiotics has seriously hampered bacterial growth
control. Resistance mechanisms include: changes in the permeability of the cell
envelopes, enzymatic degradation of antibiotics, chemical modification of the
antimicrobial agent and the presence of membrane efflux systems which pump out
the antimicrobial agents from the cytosol (Köhler, Pechère and Plésiat 1999, Russell
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1995, Wright 2003). Microorganisms can acquire resistance either by acquisition of
genetic material (plasmids) from another cell or by mutation (Figure 4). 
Figure 4 Examples of biological mechanisms of antibiotic resistance. Image taken
from http://www.nature.com/nm/journal/v10/n12s/box/nm1145_BX4.html
Extensive and often unwarranted use of antibiotics has led to the emergence
of new strains of antibiotic-resistant bacteria. Methicillin-resistant Staphylococcus 
aureus (MRSA) is perhaps the best known example, it shows resistance to multiple
antibiotics and causes infections that are very hard to treat (Cohen 1992, Levy and
Marshall 2004). Furthermore, increased resistance to some antimicrobial agents
(QACs, chlorhexidine and diamidines) has been found in MRSA strains carrying
genes encoding resistance to gentamicin, an aminoglycoside antibiotic (Russell
1995).
There are a number of reasons to be concerned about antimicrobial
resistance. Firstly the fact that the resistant bacteria especially Staphylococci sp.,
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Enterococci sp., Klebsiella pneumoniae and Pseudomonas sp. are becoming a
major part of a hospital environment (Edmond et al. 1999, Jones et al. 2002,
Karlowsky et al. 2003). The emergence of these resistant strains poses a major
threat to humans and the environment. Since the introduction of penicillin by Fleming
in 1929, various new classes of antibiotics have been introduced to treat bacterial
infections (Ter Meulen 2009). However, due to excessive misuse of antibiotics,
resistance has been reported against nearly all currently available antibiotics (Gopal
Rao 1998). Thus there is an important need to discover antimicrobials which can be
used solely or in combination with other natural antimicrobial agents.
Secondly, in regards to the financial pressures felt in
systems, antibacterial drug resistance has a major economic impact on
hospitalization costs (McGowan Jr. 2001). Despite the increase in antimicrobial
resistance, the discovery of new antibiotics has slowed significantly during the last
50 years. As a result of the low potential for profitability, the development of new
antibiotics has been considered to be too expensive for pharmaceutical companies.
Moreover, governments have also reduced investment in research on infectious
diseases, due to them being largely viewed as easily treatable (Conly and Johnston
2005).
1.4 Hospital acquired infections (HAIs)
Hospital acquired infections are infections associated with treatment in a
hospital or any other health care setting. They are also referred to as nosocomial
infections.
(Vincent 2003). An infection is
considered to be nosocomial if it appears after 48 hours of hospital admission or
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within 30 days of discharge. A wide range of bacteria, fungi and viral pathogens are
responsible for such infections. Many of the species involved are part of the normal
flora (Table 2) (Inweregbu, Dave and Pittard 2005). These pathogenic
microorganisms can cause infections of the skin, heart, joints, wound sites, operation
sites, lungs (pneumonia), urinary tract and other parts of body.
Table 2 Microorganisms commonly associated with hospital acquired infections
(HAIs) (NNISS Jan 1989 Jun 1998) (Inweregbu, Dave and Pittard 2005)
In recent years, hospital acquired infections have become a major issue of
concern in European health care systems. The health care sector is at particularly
high risk for several reasons. Already ill patients are often more vulnerable to further
infections and can be more likely to develop other serious complications. Hospital
environments are also home to many antibiotic resistant bacteria. Although many
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procedures are in place to ensure patient safety in hospitals, nosocomial infections
are a significant burden to the health care sector and to society as a whole (Ter
Meulen 2009).
The European Commission estimates that in the EU (Yaneva-Deliverska
2011):
1 in 10 patients are affected by nosocomial infections
50,000 people die each year of healthcare-related infections
3 million deaths are partly caused by healthcare-related infections 
The financial impacts of these infections counteract benefits made from
medical advances and add expensive medical treatments. Healthcare costs are also
raised due to increases in the length of hospital stay by at least 8 days on average
per affected patient (Yaneva-Deliverska 2011). Across Europe, this adds up to more
than 10 million additional days of patient stay in hospitals each year, which results in
an increased mortality rate and additional healthcare costs (Yalcin 2003). 
Some of the most common bacterial species responsible for causing
nosocomial infections are:
Staphylococcus aureus






   
        
            
            
     
           
           
           
              
            
          
             
              
               
   
            
1.4.1 Staphylococcus aureus
Staphylococcus aureus is a Gram-positive spherical cocci measuring
approximately 1 µm in diameter and is arranged in characteristically grape like
clusters. It is a common cause of hospital and community acquired infections.
Methicillin-resistant strains ( -lactam antibiotics and
other antibiotics and present very challenging problems for treatment and eradication
control (Johnston and Bryce 2009). It has been recovered from various surfaces
within a hospital environment including floors, linens, air vents, tourniquets, bed
sheets, dry mops, bandages, etc. In burns units, staphylococci have been found as a
major contaminant on surfaces acting as a reservoir for infection (Shiomori et al. 
2002). The evolutionary change in microorganisms due to increased use of
antimicrobials has led to a rapid spread of MRSA globally. The worldwide prevalence
of MRSA in blood cultures, varying from 0.6% in Netherlands to 66.8% in Japan,
shows that this is an emerging strain in the community rather than just a hospital
pathogen (Deurenberg et al. 2007). 
Figure 5 SEM image of morphology of Staphylococcus aureus. Image taken from
http://www.bacteriainphotos.com/Staphylococcusaureuselectron%20microscopy.html 
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1.4.2 Pseudomonas aeruginosa
Pseudomonas aerugionsa is an aerobic, Gram-negative, rod shaped, non-
spore forming bacilli measuring 1.5 - 3 x 0.5 µm, actively motile by a polar flagellum.
It is a highly opportunistic nosocomial pathogen. According to data collected by the 
Centers for Disease Control (CDC) and Prevention of National Nosocomial Infections
Surveillance system between 1990 - 1996, Pseudomonas aeruginosa was the
second most common cause of nosocomial pneumonia (17%), third most common
cause of urinary tract infection (11%), fourth most common cause of surgical site
infection (8%), fifth most common isolate (9%) obtained overall and the seventh most
commonly isolated pathogen from the blood stream (El Solh and Alhajhusain 2009). 
It commonly colonizes moist areas of the human body such as the axilla, ear and
perineum. Moisture is a crucial aspect of its occurrence within hospital reservoirs and
it has been isolated from disinfectants, sinks, mops, bandages, respiratory
equipment and vegetables (Diekema, Pfaller and Jones 2002). 




   
         
                 
              
            
          
         
           
   
        
         
              
            
              
              
1.4.3 Escherichia coli
Escherichia coli is a facultative anaerobic Gram-negative bacilli measuring
approximately 1.1 - 1.5 x 2 - 6 µm, commonly present in the intestine of humans and
animals. Most strains of E. coli are harmless but some serotypes such as O15:H7
are pathogenic. Multidrug resistance E. coli strains are a serious problem causing
nosocomial infections via direct person to person transmission, via environmental
contamination or through water or food contamination (Paniker 2005).
Figure 7 SEM image of morphology of Escherichia coli. Image taken from 
http://www.bbc.co.uk/news/health-13639241 
1.4.4 Acinetobacter baumannii
Acinetobacter baumannii is an aerobic Gram-negative pleomorphic bacillus
commonly isolated from hospitalized patients or hospital environments. A. baumanni 
has recently emerged as a significant threat due to its developed resistance to many
common antibiotics, making it multi-drug resistant bacteria (Yang et al. 2010). The
ability of A. baumannii to colonize a variety of hospital surfaces, such as catheters
and surgical drains, has caused major concerns in the healthcare market. It is a
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prevalent human pathogen which mostly affects patients with compromised immune
systems. It can grow under any conditions that are abiotic, wet or dry. Strain 19606
of A. baumannii can even form biofilms on glass surfaces via pili formation. This
strain can survive on a range of different surfaces in a hospital including furniture,
catheters, respiratory tubes and bed sheets (Manchanda, Sanchaita and Singh
2010).
Figure 8 SEM image of morphology of Acinetobacter baumannii. Image taken from
http://www.acinetobacter.org/ 
1.4.5 Klebsiella pneumoniae 
Klebsiella pneumoniae is non-motile, encapsulated, lactose fermenting,
facultative anaerobic Gram-negative bacteria found in the normal flora of human
skin, mouth and intestine. It is one of the most common hospital acquired pathogens
and an important member of Klebsiella genus of Enterobacteriaceae family. It has
become an important pathogen in nosocomial infections, causing urinary tract
infections, pneumonia and intra-abdominal infections. It is also seen as a prospective
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community-acquired pathogen. Klebsiella pneumoniae tends to affect people with
low immune response and can colonize invasive instruments such as intravenous
catheters, urinary catheters and breathing tubes (Jarvis, Munn and Highsmith 1985).
Figure 9 SEM image of morphology of Klebsiella pneumoniae. Image taken from
http://klebsiella-pneumoniae.org/klebsiella_pneumoniae_urinary_tract_infection.html 
1.4.6 Biofilms and their role in nosocomial infections
A biofilm is a group of microorganisms in which cells adhere to each other on
a surface. Biofilms are commonly embedded in an extracellular matrix consisting of
polysaccharides, proteins and DNA. This slimy, glue like substance helps the cells to 
adhere to any kind of surface such as metals, plastics, soil particles, medical implant
materials or biological tissues. A biofilm can be formed on almost any surface which
is exposed to bacteria and some moisture (Bjarnsholt 2013).
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Figure 10 Differences between planktonic cells and biofilms. A biofilm is composed of
microbial cells attached within a matrix of extracellular polymeric secretions (EPS),
which surround and protect cells. The EPS matrix is typically composed of
polysaccharides, proteins, lipids, and extracellular DNA. Image taken from
http://www.nature.com/scitable/content/a-biofilm-is-composed-of-attached-microbial-
100450918 
Historically, bacteria have primarily been characterized as planktonic or freely
suspended cells. It was Van Leeuwenhoek, who first described the phenomenon that
bacteria have the ability to attach to and grow on exposed surfaces as a sessile
aggregate. He referred to this as the biofilm mode of growth (Donlan 2002). Given
the appropriate conditions, all bacteria have the ability to grow as a biofilm.
Most of the research on bacterial pathogenesis has been focussed on acute
infections. These are assumed to be caused by planktonic bacteria and are generally
treatable with appropriate antibiotics. However, research has shown that the biofilm
mode of growth is very important in infections, particularly chronic ones (Bjarnsholt
2013). The presence of biofilms has profound implications for the patient because of
their ability to resist host immunity, antibiotics and other antimicrobial agents. Unlike
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planktonic cells, the cells embedded in the biofilm structure are physically protected
biologically and chemically by the extracellular matrix (Bryers 2008, Percival and
Bowler 2004).
It has been estimated that biofilms are associated with 65 percent of
nosocomial infections. Most of the bacterial species that cause these infections are
members of the normal micro flora of humans and form biofilms at sites where they
exist as harmless commensals. Therefore, it is now appreciated that in order for
antibacterial agents to effectively counter infections they should be active against
both biofilms and planktonic cells (Percival and Bowler 2004).
1.5 Infection prevention
The most common routes for the spread of infections within hospital settings
are via airborne aerosols or via indirect contact. For example spread by indirect
contact can occur if an infected patient touches and contaminates an object, an
instrument or a surface and that same surface is touched by a second person.
Indirect contact can be mediated through patient bedding, clothes, wound dressing,
staff lab coats, surgical instruments and other surfaces (Ayliffe et al. 1992, Burke
2003). Some of the surfaces that can potentially become contaminated and spread
infection within hospital settings are shown in Figure 11.
According to Ayliffe et al. (1992), there are three basic principles that should be
taken into account to control and prevent infection:
i. Removal of the source infection by treating infections and proper
decontamination procedures
ii. Using aseptic procedures (good hand hygiene) and appropriate isolation
(wherever necessary) to prevent transfer of infection
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iii. Appropriate antibiotic prophylaxis or vaccination
One of the most effective ways to combat the spread of infections is by following
hand hygiene protocols such as thorough hand washing and/or the use of alcohol
rubs before and after each patient contact. Infection control programs including such
practices have proved to be very successful in reducing rates of nosocomial
infections (Collins 2008). 
Figure 11 Potential contaminated surfaces in a hospital room. Image taken from
http://news.cnet.com/8301-27083_3-20068434-247/ 
1.5.1 Medical textiles and infections
Direct contact is the most likely route for the transmission of infection;
however, the role of the environment should not be ignored within hospital settings.
Fabric surfaces in hospitals may be a route for the spread of nosocomial infections
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(Bureau-Chalot et al. 2004). Hence, textiles are an important factor to consider in an
integrated infection control program of every healthcare facility (Tinker 2010).
Healthcare textiles include blankets, bed sheets, lab coats, gowns, towels, personal
clothing and drapes for surgical procedures. Medical textile surfaces can be heavily
contaminated with microorganisms from substances like urine, blood, stool, sweat
and other body fluids (Fijan and Turk 2012).
In terms of pathogen transmission, textiles play a crucial role in the chain of
infection caused by pathogenic microorganisms like bacteria, fungi and viruses
(Borkow and Gabbay 2008). Textiles of all varieties are considered to be very
proficient at carrying bacteria and serving as a reservoir for the transmission of
infection (Tinker 2010). However, the survival of pathogens on textile substrates
varies considerably. For example, some spore forming bacteria are highly durable
and can survive for long periods on fabrics while other bacteria die within a few
minutes of contact due to poor moisture conditions (Neely and Maley 2000, Neely
and Orloff 2001).
A list of reports of the presence of microorganisms on hospital textiles is
shown in Table 3. It is clear that a demand exists for antimicrobial finished textiles
that are able to limit or avoid fabric degradation, odour generation and most
importantly bacterial incidence and spread (Ibrahim, Refaie and Ahmed 2010,
Mahltig, Haufe and Böttcher 2005, Parthasarathi and Borkar 2007, Rajendra et al.
2010, Ramachandran, Rajendrakumar and Rajendran 2004).
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Table 3 Reports on the presence of microorganisms on hospital textiles 
































A number of studies have shown that hospital textiles are a potential route for
transmission of pathogens (Duffy et al. 2010). A key reservoir for the spread of
Disease Control and Prevention (CDC) reported outbreaks of nosocomial
zygomycosis, where deaths occurred. Zygomycotic infections are fungal infections of
the head, lungs or digestive tract, which are very hard to treat. The sources of
pathogens reported in these outbreaks were pillow case, linen and healthcare
workers coats (Duffy et al. 2010).
In 2006, Kramer et al. reported on the persistence of hospital pathogens
associated with nosocomial infections (Kramer, Schwebke and Kampf 2006).
Staphylococcus aureus was found to be present in a significant percentage of the
sites tested: 12.6% of cotton coats, 9.2% of plastic a 
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uniforms and 15% of areas in an isolation ward. Thiry (2005) showed that S. aureus 
can survive on hospital curtains for up to 90 days.
Reif et al. (1989) reported on a case where inadequate cleaning of textiles
contaminated with faeces resulted in an outbreak of Cryptosporidiosis (Reif et al.
1989). Cryptosporidiosis is a serious diarrheal disease caused by an intestinal
parasite Cryptosporidium. 
Lidwell et al. (1974) undertook a study in a UK hospital where it was found
that the strains of S. aureus 
clothes and their hands. This was also demonstrated by Hambreus (1973).
Bloomfield (2007) analysed risk assessment data to assess the frequency and
probability of transfer of contamination to which family members are most commonly
exposed to within a home. From this data, certain sites and surfaces were ranked
according to the level of risk involved. Bloomfield suggested hands as the most
critical point of spread of infection (Figure 12). From the hands the infection can
spread via cleaning cloths, clothing and household linens, which form a bridge in the
spread of a pathogen around the home. Bloomfield also considered proper handling
and cleaning of textile products, as a critical factor in maintaining hygienicity
(Bloomfield 2007).
Figure 12 The sites and surfaces at home based on the level of risk involved in the
transmission of infection. Image taken from http://www.eurosurveillance.org 
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1.5.2 Survival of pathogens on textile surfaces
A study was conducted to examine the survival rates and variability of Gram-
positive bacteria on textile fabrics. The experiments involved 22 different isolates of
methicillin-sensitive and resistant staphylococci and vancomycin-sensitive and
resistant enterococci. These were applied on to five of the most commonly used
fabric materials in hospitals.
100% cotton used in clothing
100% terry cotton used in wash cloths and towels
60/40% cotton/polyester mix used in lab coats, clothing and scrub suits
100% polyester used in clothing and hospital curtains
100% polyethylene plastic used in splash aprons
It was shown that all isolates of methicillin-sensitive and resistant staphylococci
survived for at least one day. Survival time was long on polyethylene plastic (22-90
days) and polyester cotton (1-56 days). The minimum enterococcus viability on all
test fabrics was 11 days. Out of all species tested, E. faecium survived for the
longest period on all test surfaces (11-90 days) (Neely and Maley 2000). 
All these studies showing the survival of pathogens highlight the potential
impact of textiles in the transmission of infections. Studies have also demonstrated
that even washing of fabrics is not guaranteed to wash microorganisms from their
surface. The washing of fabrics may remove dirt and stains but they are still far from
being sterile or free from microorganisms (Telfer Brunton 1995). 
To prevent the spread of infection, hospital textiles must be processed
stringently under hygienic conditions and on a professional scale. Processes used
for the cleaning of medical textiles should be recorded, certified and monitored
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regularly. To break the chain of transmission for both nosocomial and out-patient
infections caused by textile products, it is essential that preventive measures should
take place in the washing processes.
Conventional methods of disinfection have major drawbacks. This includes
treatment methods such as autoclaving or intense hot washing damages the
structure a -homogenous
cavities in fabrics, it is also difficult to disinfect them with UV radiation. Disinfection
with chemicals also has many drawbacks. First, residual chemicals can be harmful to
Secondly, diffusion of fabrics with chemicals increases treatment time. Finally, most
chemicals and disinfectants are highly toxic and flammable and could be a danger to
workers and hospital environment (Neely and Orloff 2001).
1.5.3 The role of antimicrobial textiles
Antimicrobial textiles could have an important role to play in maintaining
hygienic standards in medical settings by breaking chains of infection (Bearman et
al. 2012). Antimicrobial fabrics have been shown to be very effective against a wide
variety of microorganisms and fungi and have the potential to prevent the spread of
pathogens (Simoncic and Tomsic 2010).
Medical fabrics with antimicrobial properties should be able to fulfil the
following objectives (Shanmugasundaram 2007):
1. To avoid cross infection by pathogenic microorganisms
2. To control infestation by microbes
3. To arrest metabolism in microbes to reduce odour formation
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4. To safeguard the textile products from staining, discolouration and quality
deterioration
An ideal antimicrobial textile fabric should also satisfy a number of requirements
(Gao and Cranston 2008):
1. Durability (washing, dry-cleaning and hot pressing)
2. Effective against a wide variety of bacterial and fungal species
3. Should be user friendly and not harmful to the manufacturer
4. Should fulfil the statutory requirements by regulating agencies 
5. Easy method of application
6. Not lead to reduction of fabric quality (strength, breathability etc.)
7. Be resistant to body fluids
1.5.4 Antimicrobial agents for textiles
Various classes of antimicrobial agents are used in the textile industry. These
agents can be broadly classified into two main types:
Organic antimicrobial materials
Inorganic antimicrobial materials
1.5.5 Organic antimicrobial agents
Organic antimicrobial agents are often complex toxic bactericide which works
by leaching out from the fabric surface into the surroundings. They are mostly carbon
based and are often degraded by heat, humidity and mechanical processing. They
are limited in their applications due to being less stable and durable than inorganic
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agents; particularly at high temperatures and pressures. They include triclosan,
chitosan, sorbic acid, quaternary ammonium compounds (QACs), paraben and
salicylic acid (Shigehara, Bito and Katayama 2007).
1.5.6 Triclosan 
Triclosan is a synthetic and non-ionic antimicrobial agent used in a variety of
household products. Triclosan exhibits a broad spectrum antimicrobial activity
against prokaryotes, even at very low concentrations (Orhan, Kut and Gunesoglu
2007). It is an organic aromatic compound produced by the oxidation of benzene or
benzoic acid by the Cumene or Raschig process. It is one of the most popular
additives to toothpastes, hand washes, soaps, mouthwashes and has also been
incorporated into fabrics and plastics (Orhan, Kut and Gunesoglu 2007). Triclosan
mainly acts by blocking lipid biosynthesis through inhibition of fatty acid biosynthesis
(Orhan, Kut and Gunesoglu 2007). However, there have been concerns over
effects on the environment. Due to its specific action, it can foster resistant bacteria
(Adolfsson-Erici et al. 2002, Orvos et al. 2002).




     
         
              
           
          
             
              
            
              
             
            
           
            
           
          
1.5.7 Quaternary ammonium compounds (QACs)
Quaternary ammonium compounds (QACs) are positively charged poly ions
also known as quats. They are an important class of biocides widely used as
disinfectants and antiseptics. These compounds inflict a variety of detrimental effects
on microbes: damaging bacterial cell membranes, denaturing proteins and disrupting
the entire cell structure. QACs are very durable and exhibit a strong antimicrobial
activity (Tischer et al. 2012). They have been used as a coating agent on textile
substrates to impart antimicrobial properties (Kim, Kim and Rhee 2010, Latlief et al. 
1951). They have the ability to display antimicrobial activity as long as the compound
remains intact on the textile surface (Gao and Cranston 2008). To overcome this
problem, QACs have been anchored to a polymer backbone through a covalent non-
hydrolysable bond that increases the antimicrobial properties (Kim, Kim and Rhee
2010). QACs strongly attach to textile surfaces by ionic interaction between the
anionic textile fibre surfaces and the cationic QAC (Kim and Sun 2001). 




             
            
          
             
             
           
           
          
             
             
              
              
              
  
        
1.5.8 Chitosan
Chitosan is a derivative of chitin, which is a polysaccharide found in the
exoskeleton of shrimp, crabs and other sea crustaceans. Apart from its antimicrobial
activity, chitosan is a non-toxic, biocompatible and easily biodegradable compound.
The antimicrobial mechanism of chitosan is not clear but studies have shown that
chitosan increases the permeability of the outer and inner membranes and can lead
to the release of cellular contents. The process occurs through electrostatic
interaction between the C-NH3
+ groups of chitosan acetate and the phosphoryl
groups of phospholipid components in bacterial cell membranes (Liu et al. 2004). 
Chitosan and its derivatives have been used as an antimicrobial agent on textiles
(Joshi et al. 2009). Due to its weak adhesion to cellulose fibres, chitosan has been
used by the textile industry in combination with cross linking agents to attach onto
cellulose fibres (Gao and Cranston 2008). Being one of the safest and most effective
antibacterial agents, it has been widely used as an antimicrobial finish on textiles (Ye
et al. 2005).
Figure 15 Structure of chitosan. Image taken from
http://www.jnanobiotechnology.com/content/9/1/55/figure/F6?highres=y 
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1.5.9 Polyhexamethylene biguanide hydrochloride (PHMB)
PHMB is a fast acting, broad spectrum antimicrobial biocide, consisting of a
heterodisperse mixture of polyhexamethylene biguanides. PHMB attacks bacterial
cells by binding to the cell membrane and damaging it causing cell lysis and leakage
of the cytoplasm (Gao and Cranston 2008). PHMB has a proven track record and
has been used in a variety of disinfectants, hygiene products, food industry
applications and in textile industries (Rajendran 2010, Gao and Cranston 2008,
et al. 2011). A specific grade of PHMB has been designed by Arch chemicals
for textile treatments named Reputex 20® (Swofford 2010).
Figure 16 Structure of polyhexamethylene biguanide hydrochloride (PHMB). Image
taken from http://www.zlchemical.com/phmb.html 
1.5.10 Inorganic antimicrobial agents
In recent years, inorganic antimicrobial agents such as metals and metal
oxides have attracted much attention due to their ability to withstand intensive
processing conditions and their improved safety and stability (Perelshtein et al. 
2009a). There is also growing interest in the formation of particles at a nanoscale. 
It is evident that nanoparticles exhibit unique properties which considerably
differ from their macroscopic form. Due to their high surface to volume ratio,
nanoparticles interact better with microbes.
30 
 
              
           
            
             
             
             
            
             
      
 
  
           
            
               
          
              
      
             
           
             
             
              
           
         
            
Many heavy metals, either in their free state, or in compounds at very low
concentrations, are considered toxic to microbes. They commonly kill bacteria by
binding to intracellular proteins and inactivating them (Gao and Cranston 2008). In
the textile industry, inorganic metal oxides such as ZnO and CuO have attracted
attention due to their antimicrobial properties, their safety to humans and also their
stability under harsh conditions (Rajendra et al. 2010). Due to their unique physical
and chemical properties, the use of inorganic nanoparticles on textile surfaces has
become a hotspot within the textile research to produce functional fabrics (Herrera et
al. 2006, Kruis and Fissan 2001).
1.5.11 Silver
Silver is a metallic element with potent antimicrobial properties. Silver ions
and silver based compounds are highly toxic to microorganisms (Slawson et al.
1992, Zhao and Stevens Jr. 1998). For this reason they have been used as an
antimicrobial coating on various substrates including medical devices (Schierholz et
al. 1998), textile fabrics and wound dressings (Durán et al. 2007b, Gittard et al.
2010, Wasif and Laga 2009).
It has been reported that silver metal ions catalyse the production of oxygen
radicals which oxidise various chemical components within bacteria (Kim et al.
2007). This mechanism does not require direct contact with bacteria, as the active
oxygen produced is able to diffuse from the silver to the surrounding environment
(Kim et al. 2007). Silver ions can also disrupt bacterial proteins and enzymes by
attaching to sulfhydryl, amino phosphate and carboxyl groups by reacting with
nucleophilic amino acid residues (Kaur, Saxena and Vadehra 1985). Some
commercially available textile products coated with silver are listed in Table 4.
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Table 4 Commercially available silver based antimicrobial agents and fibres (Simoncic
and Tomsic 2010) 
1.5.11.1 Research into silver antimicrobial textiles
Schaller et al. (2003) examined the antimicrobial properties of two hydrocolloid
wound dressings containing silver (Contreet-H®) on reconstituted human epithelium
(RHE) cells infected with C. albicans and S. aureus. These results showed that
wound dressings impregnated with colloidal silver effectively inhibited both
pathogens in infected epithelium cells. Results also suggested that the release of
silver in a moist environment improved the healing process compared to the
dressings without silver.
Ilic et al. (2009) examined the antimicrobial efficiency of cotton fabrics loaded
with colloidal silver nanoparticles against Gram negative E. coli, Gram positive S. 
aureus and the fungus Candida albicans. The researchers also assessed the
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laundering durability of coated fabrics. The concentration of silver colloid used was
10 and 50 ppm. The antimicrobial activity was quantitatively assessed using a shake
flask method with conventional agar plating. The results showed an excellent
antibacterial activity (99.9% reduction) for the cotton fabrics loaded with 50 ppm
colloidal silver nanoparticles against S. aureus, E. coli and C. albicans. The 10 ppm
Ag NPs loaded fabrics only gave maximum microbial reduction against S. aureus
(99.9%). The cotton fabrics loaded with the 10 ppm silver nanoparticles also
exhibited very poor laundering durability. Overall results indicated that a high
concentration of silver colloid (50 ppm) was needed for a durable antimicrobial finish
of cotton fabrics.
Similar results were also reported by Lee et al. (2003). They showed that
fabrics loaded with silver nanoparticles from a 50 ppm colloidal suspension exhibited
excellent antibacterial activity against K. pneumoniae and S. aureus; the activity of
the 50 ppm was better than samples treated with a 25 ppm colloid.
et al. (2008) used a chemisorption method to incorporate silver ions from
silver nitrate solution into a cotton/polyester mix fabric. A 50% cotton and 50%
polyester weaved fabric was employed and treated in a dielectric barrier discharge
(DBD) before incorporating silver ions. Agar diffusion tests on silver loaded
cotton/polyester fabric against S. aureus, E. coli and C. albicans showed an
excellent antimicrobial activity with the yeast C. albicans being the most sensitive
organism.
However, ecologists have also suggested potentially harmful consequences
from the release of silver nanoparticles into natural water systems. Silver in its bulk
form has also been shown to result in negative effects on fish, fungi, algae and
plants (Völker, Oetken and Oehlmann 2013). The current widespread use of silver as
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a key antimicrobial component has also been associated with the development of
resistance by some bacteria, analogous to antibiotic resistance.
Due to the significant scale of silver nanoparticles use, their release into the
environment has potentially become a serious issue in particular for the textile
industry (Benn and Westerhoff 2008, Geranio, Heuberger and Nowack 2009).
Kulthong et al. (2010) published a study of the environmental issues of silver
nanoparticles in which they determined the quantity of silver released from
commercial fabrics coated with nanosilver and laboratory-prepared silver coated
fabrics into various formulations of artificial sweat. The study was performed
according to AATCC, ISO and EN standards. The amount of silver released from five
laboratory-prepared fabrics and six commercially prepared fabrics was investigated.
The laboratory prepared fabrics were treated with the silver suspension at
concentrations of 0, 0.5, 1, 5 and 10 g/L using a laboratory padder (model PA-U,
Newave Lab Equipments, Taiwan) with 80% wet pick-up of the fabric weight. The
fabrics were cured at 120°C for 3 min. Commercial samples were purchased from six
different manufacturers in Thailand. The antibacterial efficacy of the fabrics was also
determined according to AATCC test method (100-2004) with some modifications
against E. coli and S. aureus. Results were calculated as percentage reduction and
showed that 10 g/L silver suspension was sufficient for preparing antibacterial
fabrics. At this treatment concentration, the fabrics induced a 99.83% and 99.93%
reduction in S. aureus and E. coli growth respectively. After incubation of the fabrics
in artificial sweat, the level of silver released from the different fabrics varied but was
typically greater than 50% of the amount present initially on the fabrics. 
In another study, Duran et al. (2007) investigated the antibacterial efficiency of
silver nanoparticles produced biologically by Fusarium oxysporum. Silver
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nanoparticles were incorporated onto cotton fabrics by absorption and tested against
S. aureus, demonstrating an excellent antibacterial activity (>99.9% reduction).
Taking into consideration the environmental concerns regarding the release of silver,
the effluents obtained from the cotton fabrics after washing were efficiently treated by
Chromobacterium violaceum. The process was based on biosorption and proved
efficient in eliminating silver nanoparticles released from the cotton fabrics into the
wash water.
Another study on the release of silver from textiles was carried out by Geranio
et al. (2009). Results determined the amount and form in which silver was released
during washing from nine different fabrics that had been treated with incorporating
silver nanoparticles into and onto the fibres. Results concluded that the amount and
form of silver released strongly depend on the method by which the silver is
incorporated into a fabric. The results showed a considerable variance in the
percentage of the total silver emitted during one washing among 9 different textiles
products tested.
Apart from the environmental concerns, there are also documented toxic
effects of Ag on human health (Panyala, Peña-Méndez and Havel 2008). Prolonged
exposure to silver can cause diseases like argyria and argyrosis. Argyria and
argyrosis are the clinical conditions caused by silver or silver salts which turns the
skin colour to blue or bluish grey. Gliga et al. (2014) investigated the toxicity of silver
NPs in human lungs cells. The results showed that the silver NPs induced toxicity
within 24 hours of exposure resulting in DNA damage. The researchers also
demonstrated that the toxicity was associated with the rate of intracellular silver
Huang, Lü and Ma (2014) studied the
mechanism of toxicity of silver NPs in human dermal fibroblast (HDFs) cells. Their
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results indicated that the induced toxicity affected four pathways by differentially
expressed miRNAs. The results showed that SNPs induce toxicity in HDF cells by
affecting the cytoskeleton, ATP synthesis and apoptosis.
Silver has been used in many commercially available healthcare products
including textiles and wound dressings. A review paper by Percival et al. (2005)
addressed the questions of silver overuse and emergence of microbial resistance to
silver. Percival stated that despite many such claims, there have been very few
studies undertaken to determine the prevalence of bacterial resistance to silver.
The potential toxicity of silver to humans and its persistence once released into
the environment has prompted a demand for alternative eco-friendly antimicrobial
coatings/impregnations and processes that could substitute for toxic chemicals in
textile coatings/impregnations.
1.5.12 Zinc oxide (ZnO)
Zinc oxide is an inorganic compound which appears as a white powder and is
insoluble in water. It is a polar inorganic crystalline material with many applications.
It has a unique combination of interesting properties such as non-toxicity,
piezoelectric and optical behaviour and low price (Kunjara Na Ayudhya et al. 2006,
Liqiang et al. 2004). As it absorbs both UVA and UVB rays, ZnO has been used in
ointments, creams and lotions to protect against sunburn and other damage to the
skin caused by ultraviolet light (Godfrey et al. 2001). ZnO nanoparticles have been
shown to be useful antibacterial and antifungal agents when used as a surface
coating on materials and textiles (Abramov et al. 2009, Perelshtein et al. 2009a,
Raghupathi, Koodali and Manna 2011, Sivakumar et al. 2010, Vigneshwaran et al.
2006, Yadav et al. 2006).
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Nanoscale ZnO has been synthesized in various morphologies such as
nanowires, nanorods, tetrapods, nanobelts and nanoparticles (Dutta et al. 2012, Gao
and Wang 2004, Gao, Li and Wang 2005, Jayaseelan et al. 2012, Mitra et al. 2012,
Perelshtein et al. 2012, Song et al. 2007). Due to its useful physical properties, many
methods have been developed to synthesize zinc oxide nanocrystals including:
chemical vapour deposition (Sun et al. 2004), soft chemical method (Vayssieres
2003), thermal evaporation (Yao, Chan and Wang 2002), vapour-liquid-solid process
(Gao and Wang 2004), sol-gel process (Zhang et al. 2003), homogeneous
precipitation (Liu et al. 2007), electrophoretic deposition (Liu et al. 2003) and by a
sonochemical method (Abramov et al. 2009, Askarinejad, Alavi and Morsali 2011,
Perelshtein et al. 2012, Perelshtein et al. 2009).
The underlying mechanism for the antibacterial activity of ZnO nanoparticles is
still not very clear. Some studies have suggested that ZnO nanoparticles act by
disrupting the cell membrane of bacterial cells (Brayner et al. 2006). Other studies
have claimed that the production of intracellular reactive oxygen species (ROS) such
as hydrogen peroxide produces the antibacterial effect (Jones et al. 2008, Sawai
2003). It has also been reported that ZnO is photo catalytic and can be activated by
UV and visible light to generate reactive oxygen species (ROS). The hydroxyl
radicals and superoxides cannot penetrate within the cell membrane whereas the
reactive oxygen species (ROS) penetrate into the bacterial cell and cause damage
(Padmavathy and Vijayaraghavan 2008).
1.5.12.1 Research into ZnO antimicrobial textiles
Rajendra et al. (2010) investigated the antimicrobial properties of ZnO
nanoparticles on 100% cotton woven fabric produced using a pad-dry-cure method.
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Tests included fabrics treated with ZnO bulk powder to see the effect of
nanoparticles compared to bulk ZnO on their antibacterial activity. The antibacterial
activity was assessed qualitatively using an agar diffusion method and parallel streak
method (AATCC test method 147-1992) and quantitatively by percentage reduction
tests against S. aureus and E. coli. The disc diffusion results showed a maximum
inhibitory effect of ZnO (both in bulk form and nanoparticles) against S. aureus
compared to E. coli. Even with the parallel streak method, cotton fabrics coated with
ZnO nanoparticles showed maximum inhibitory effect against S. aureus followed by
E. coli. The percentage reduction test corresponded with the results of the disc
diffusion and parallel streak tests. Cotton fabrics coated with ZnO nanoparticles
showed percentage reductions of S. aureus by 94.16% followed by 86.5% for E. coli.
Fabrics tested for wash durability showed that a significant antimicrobial
activity was retained by the ZnO nanoparticles coated fabrics for up to 10 washes.
After 10 washes the % bacterial reduction was very low and there was no activity
found in the fabrics after 20 washes. The fabrics coated with the ZnO bulk retained
the antimicrobial activity only up to 5 wash cycles against S. aureus and E. coli.
Anita et al. (2010) assessed the antibacterial properties of cotton fabrics
coated with ZnO nanoparticles. They used a wet chemical method to produce ZnO
nanoparticles from soluble starch (stabilizing agent), zinc nitrate and sodium
hydroxide. Cotton fabrics were immersed in a solution of 2% zinc oxide nanoparticles
for 5 minutes and then passed through a padding mangle. The padded fabric was air
dried and immersed in 2 g/l of sodium lauryl sulphate for 5 minutes to remove any
unbound nanoparticles. Finally the cotton fabric was rinsed 10 times to remove any
traces of soap and then air dried. The antibacterial activity was evaluated
quantitatively against S. aureus and E. coli in accordance with AATCC 100 test
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method. Plating was performed on nutrient agar medium and the percentage
reduction of bacteria was calculated. Microbial reduction of >99.99 % was seen
against S. aureus compared to 80% reduction for E. coli. The ZnO nanoparticles
used for this study had an average size of 50 nm.
Vigneshwaran et al. (2006) impregnated cotton fabrics with ZnO-soluble
starch nanoparticles synthesized using water as a solvent and soluble starch as a
stabilizer. Antibacterial testing showed excellent activity against, S. aureus and K.
pneumoniae. Transmission electron microscopy (TEM) and x-ray diffraction analysis
confirmed the average size of ZnO nanoparticles to be around 38 ± 3 nm on the
cotton fabric.
Toxicity studies have also shown that they do not cause damage to the DNA
of human cells (Sójka-Ledakowicz et al. 2008, Yamada, Suzuki and Koizumi 2007).
However, there have been some studies where researchers have reported toxic
effects with ZnO nanoparticles. Dechsakulthorn et al. (2007) assessed the
cytotoxicity of ZnO in human skin fibroblasts using the colorimetric MTT in-vitro
assay. The results showed that human skin fibroblasts were sensitive to ZnO
nanoparticles after 4 hours of exposure. Researchers also claimed that the toxicity
substantially increased by lengthening the exposure time to 24 hours.
Najim et al. (2014) investigated the cytotoxicity of different sized ZnO
nanoparticles in normal and cancer cell lines derived from lung tissue (Hs888Lu),
neuron-phenotypic cells (SH-SY5Y), neuroblastoma (SH-SY5Y), human histiocytic
lymphoma (U937), and lung cancer (A549). Their results demonstrated that the ZnO
nanoparticl 
cytotoxicity towards U937, SH-SY5Y and Hs888Lu cell lines. A549 cells did not show
any cytotoxic effect. It was also found that the cytotoxicity of ZnO was size,
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concentration and time dependent. The results showed that ZnO nanoparticles at a
in different cell lines.
1.5.13 Copper oxide (CuO)
Copper was probably the first metal to be used by humans for practical
purposes. Copper is malleable, ductile and can be beaten into various shapes and
sizes. It is one of the key chemical elements which together with amino acids and
fatty acids are an essential requirement to the human body and so it is considered
safe for humans.
Copper and copper compounds have multifunctional properties (antibacterial,
antiviral and antifungal) with promising applications (Borkow and Gabbay 2005,
Borkow and Gabbay 2009). Copper ions on their own or in combination with other
complexes have long been used as disinfectants on solid surfaces and human
tissues. Copper has been reported to kill a wide variety of bacteria, yeasts, fungi and
viruses. Research has shown that it is even effective against spores (Cross et al.
2003). Due to being multifunctional in its action, copper kills microorganisms within
minutes of their exposure to it (Borkow and Gabbay 2009).
The mechanism behind the toxicity of copper to microorganisms is still
unclear. It has been reported that copper may exert its toxicity though several
mechanisms. The various routes, through which copper acts are: plasma membrane
permeabilization, membrane lipid peroxidation, alteration of proteins and inhibition of
(Borkow and
Gabbay 2005, Borkow and Gabbay 2009). Copper catalyses the production of
hydroxyl radicals through redox cycling between Cu2+ and Cu1+ . These radicals
cause damage to lipids, proteins and DNA (Valko, Morris and Cronin 2005).
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Toxicity studies have shown that CuO coated fibres do not show any skin
sensitization properties (Borkow and Gabbay 2004). The methods that have been
used for impregnating CuO nanoparticles onto fabric substrates include: (i) coating
CuO nano crystals by pad-dry cure method (Anita et al. 2011) (ii) sonochemical
synthesis and impregnation of nanomaterials onto fabric substrates (Gedanken
2004, Perelshtein et al. 2009b) and (iii) through a thermal chemical process (Teo,
Chang and Zeng 2006).
1.5.13.1 Research into CuO antimicrobial textiles
Anita et al. (2011) investigated the antibacterial properties of copper oxide
nanoparticles on cotton fabrics by preparing copper oxide nanoparticles using
copper sulphate and sodium hydroxide as precursors and soluble starch as a
stabilizing agent in a wet chemical method. These nanoparticles were then
microencapsulated by an ionic gelation method and applied onto cotton fabric firstly
by exhaustion followed by the pad-dry-cure method. Quantitative and qualitative
assessment of antimicrobial properties was carried out according to the AATCC 100
and 147 test methods and showed excellent inhibition of S. aureus and E. coli
growth.
Borkow, Okon-Levy and Gabbay (2010) investigated the antibacterial
properties of copper oxide impregnated fabrics for use as potential wound dressings.
They stressed the fact that copper coated dressings would not only reduce the risk of
wound contamination but would also stimulate wound repair. The dressing contained
a highly absorbent needle punch fabric made of viscose/rayon fibres (Galaxy®,
Kelheim Fibers, GmbH, Germany) of 1.4 denier and 38 mm in length and 3% of
cellulose copper oxide plated fibres. The internal layer of the pad had an external
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hydrophobic spun bond layer made of polypropylene fibres coated with 2.3%
weight/weight (w/w) copper oxide particles. Dressings were tested for their
antibacterial and antifungal properties against S. aureus, E. faecalis, K. pneumoniae,
E. coli, P. aeruginosa and C. albicans. The fabric coatings were examined by
scanning electron microscopy and X-ray photoelectron spectrum analysis. The
efficiency of these dressings in the wound healing process was examined by testing
the dressing on pig partial-thickness wounds. Testing was performed according to
the AATCC standards. Results demonstrated an excellent broad spectrum
antimicrobial efficiency. Skin sensitization tests did not show any dermal reactions
throughout the entire observation process period of 72 hours. Examination of the
wound sites revealed no significant differences between the control and test
dressings in terms of erythema, oedema and crust formation. No adverse effects
from the copper were observed throughout the porcine partial-thickness wound
model testing. The results gathered from this study supported further investigation on
the use of copper dressings in the wound healing process.
Recent studies have shown toxic effects of CuO nanoparticles in human cell
lines. Siddiqui et al. (2013) studied the cytotoxic effects of CuO nanoparticles in liver
cells. The results showed that CuO nanoparticles 22 nm in size were found to be
cytotoxic in HepG2 cells. Alarifi et al. (2013) assessed apoptosis and genotoxicity of
CuO nanoparticles (50 nm) in human skin epidermal cells (HaCaT cells). Exposure
of CuO nanoparticles to HaCaT cells initiated apoptosis by increasing the caspase-3




    
           
             
           
           
            
             
                 
             
           
             
           
           
      
           
             
           
        
           
               
                
            
           
           
           
1.6 Textile application methods
The antimicrobial activity of functional textiles will depend on various factors
such as nature of the antimicrobial agent used, durability and the method of
application used. The selection of appropriate application method is very important.
Many antimicrobial agents in the textile industry utilize a controlled release
mechanism, whereby the agent leaches out of the textile during use et al.
2011). These agents should not be chemically bound to the textile substrate and
should only be used as a coating or a finish to allow persistent release of the agent
from the textile surface into the surrounding environment. Owing to the leaching of
the agent into the surrounding environment, the concentration of the antimicrobial
gradually decreases under the limit of effectiveness and thus could potentially be a
cause of induced resistance in microorganisms. In addition, fabrics coated with
leaching antimicrobials are less durable and do not withstand repeated washings
(Fouda, Abdel-Halim and Al-Deyab 2013).
Some antimicrobial agents can be chemically bound to the fabric substrate
and only act when microorganisms come in contact with the fabric surface (White,
Monticello and Midland 2002). Bound antimicrobial agents are much more resistant
to repeated washings (Fouda, Abdel-Halim and Al-Deyab 2013).
Various methods exist for the application of antimicrobial agents to textiles.
Antimicrobial coatings are typically applied in liquid form, in a solvent or in a water
base to either one side or both sides of a textile substrate. The thickness of coating
depends upon the type of application method and its intended use.
Many different coating methods have been employed for fabrics to confer
antimicrobial activity on them. Some examples of methods used for surface
modification of textiles are: sol-gel processing (Daoud and Xin 2004, Mahltig,
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Audenaert and Böttcher 2005, Mahltig, Haufe and Böttcher 2005), in-situ
synthesization of metal nanoparticles using the nanoporous structure of cellulose
fibres as a nanoreactor (He, Kunitake and Nakao 2003), sputtering and plasma
sputtering of textiles (Hegemann, Hossain and Balazs 2007, Wender et al. 2010),
hydrophobic coating of textiles by addition of ion exchange surfactants (Texter et al.
2007) and surface modification of textiles with nano colloidal particles by a
conventional pad dry cure process (Lee and Jeong 2004).
1.6.1 Confinement of antibacterial agents in resins
In this method the antibacterial agents can be incorporated into the polymer or
mixed into the fibres during formation. This kind of processing is quite practical and
durable, as the antimicrobial agent is physically incorporated in the textile structure
and released slowly during use. This kind of fabric impregnation has been employed
by some manufacturers, such as Bioactive® polyester fibres containing silver
developed by Trevira and Silfresh® cellulose acetate fibres containing triclosan
developed by Novaceta. This method produces more stable and durable
antimicrobial fibres than other methods. However, it demands complex procedures
and expensive setups (Gao and Cranston 2008, Nakashima et al. 2001). While
processing synthetic fibres antibacterial agents can also be confined within the
network structure of a reactive synthetic resin on the fabric surface. This way of
processing locks the antibacterial agent in to the fibre structure.
1.6.2 Pad-dry-cure method
Natural and synthetic fibres have been treated with antimicrobial agents using
conventional pad-dry-cure method (Mao and Murphy 2001). This method is also
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referred to as padding and is widely used as a textile finishing method but also used
for depositing micro or nanoparticles and other chemical compositions.
In this type of technique, the fabric is fed through a laboratory padder. The
machine contains a tank filled with antimicrobial coating solution (Figure 17). Once
the fabric soaks into the coating solution, it is then padded through two rollers that
squeeze the excess solution out from the fabric to give a specified wet pick-up. This
dictates the percentage of coating on a specified weight of fabric. The fabric is then
dried in an oven typically at 100°C for 5 min and cured at 150°C for 4 min. The
fabrics are finally rinsed and air dried again at room temperature (Lim and Hudson
2004, Ye et al. 2005). A major disadvantage of this method is the amount of time
required for the whole process.
Figure 17 Fabric coating by pad-dry-cure method (Mao and Murphy 2001)
1.6.3 Sonochemical method of impregnating textile fabrics
A recent technology has been created on the use of ultrasound for the in-situ 
generation and impregnation of metal oxide nanoparticles onto nylon, polyester and
cotton fabrics as a homogeneous layer (Abramov et al. 2009, Perelshtein et al. 2008,
Perelshtein et al. 2009b). In the process antibacterial metal oxide nanoparticles are
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simultaneously synthesized and impregnated on a textile surface through acoustic
cavitation effects caused by ultrasound. This process results in a smooth and
homogeneous layer of impregnation and is capable of projecting nanoparticles
towards the fabric surface at a very high speed. This induces partial melting of
nanoparticles on the fabrics surface causing them to adhere strongly (Abramov et al.
2009).
1.6.4 Ultrasound
Ultrasound is defined as sound at a frequency that is too high for the human ear
to detect. The actual limit of hearing detection varies from person to person but a
frequency of approximately 20 kHz is typical for healthy young adults. The
applications of ultrasound are varied depending on the frequency used. As depicted
in Figure 18, ultrasound can be divided into three frequency ranges:
Power ultrasound (low frequency range, 20 100 kHz) 
High frequency ultrasound (intermediate, 100 kHz 1MHz)
Diagnostic ultrasound (high, 1 10 MHz)
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Figure 18 Different ranges of ultrasonic sound frequencies (Mason and Peters 2002)
1.6.5 Principles of ultrasonics sonochemistry
Sonochemistry utilises the fact that ultrasound provides a form of mechanical
sound energy for modifying chemical reactions. It is a process in which mechanical
activation destroys the attractive forces of molecules in the liquid phase (Mason and
Lorimer 2002). This arises from the energy released on collapse of cavitation
bubbles in a medium. Under the correct conditions ultrasonic cavitation can cause
permanent physical or chemical changes (Mason 1999). As described by Suslick,
Hammerton and Cline Jr. (1986) collapse in a homogeneous liquid is different from
the cavitation collapse near a liquid solid interface.
1.6.5.1 Cavitation in a liquid medium
As mentioned above, power ultrasound results in the formation of transient
cavitation bubbles. Acoustic cavitation involves the formation, growth and implosive
collapse of bubbles in a liquid when they reach an unstable state. Ultrasound travels
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through a medium as a longitudinal wave with alternating zones of high and low
pressure (Figure 19). Bubbles can form and grow in the low pressure zones while
mechanism, bubble collapse produces very high temperatures, pressures, shear
forces and free radicals. The resulting high temperatures (5000 - 25000 K) and
pressures (2000 atm) are capable of breaking chemical bonds (Suslick et al. 1991). 
A high cooling rate of 1011 K/s also occurs which prevents the process of
crystallization. Reactions also occur in a 200 nm ring that surrounds the collapsing
bubble where the temperature is estimated to reach 19000C (Suslick, Hammerton
and Cline Jr. 1986).
Figure 19 Acoustic cavitation: generation of the bubble (Mason 1999)
1.6.5.2 Cavitation at or near to a solid surface
When a cavitation bubble collapses near or at a solid surface, the process of
collapse becomes non-symmetrical. The solid surface hinders liquid movement from
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one side, so that the majority of liquid flows into the collapsing bubble from the other
side of the bubble as shown in Figure 20. This results in the formation of a liquid jet
that targets the surface with a speed in excess of 100 m/s (Mason and Peters 2002). 
The mechanical effect of this is equivalent to high pressure jetting and this is the
reason why ultrasound is so effective at cleaning surfaces. Under electron
microscopy, it can be seen that ultrasonic treatment is capable of producing pitting
on solid surfaces (Mason 1999, Mason and Peters 2002).
Figure 20 Collapse of a cavitation bubble at or near a solid surface (Mason 1999)
1.6.6 Sonochemical synthesis and impregnation of textile fabrics with metal
oxide nanoparticles 
Gedanken et al. (2009) developed and patented a technique for the synthesis
and impregnation of metal oxide NPs (ZnO and CuO) on to fabric substrates. In their
method, copper or zinc acetate was dissolved in a 9:1 mixture of ethanol and water.
The pH of this solution was then raised to between 8 and 9 by the addition of
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ammonium hydroxide. Once dissolved the metal acetates form a mixture of
hydroxides and soluble ammonium complexes. The energy released during
cavitation bubble collapse converts these soluble complexes in to solid metal oxide
nanoparticles. The sequence of chemical events associated with this conversion is
depicted in Figure 21. 
Asymmetric collapse of cavitation bubbles close to the surface of the fabric,
as shown in Figure 20, propels the freshly formed NPs at high speed in to the fibres.
This process results in a firm and homogeneous coverage of the fibres with NPs
(Abramov et al. 2009). A major advantage of this technique is that the synthesis and
impregnation of the NPs is accomplished in a single step. Other coating technologies
commonly require at least two separate steps, one for synthesis and another for
coating and are consequently more expensive.
Figure 21 Chemical processes for the sonochemical conversion of copper acetate into
CuO nanoparticles (Kumar, Diamant and Gedanken 2000)
1.6.7 The SONO project
The aim of the SONO project was to develop a sonochemical method for the
synthesis of inorganic antibacterial nanoparticles (NP) and their impregnation into
fabrics for use as medical textiles. The SONO project consisted of a 4 year program
of research funded under the EU framework 7 program (EU FP7) involving a
consortium of 17 institutions, companies and research centres, including Coventry
50 
 
           
              
            
            
          
            
            
            
              
            
        
              
              
            
             
            
         
            
              
                
               
                
           
            
University. The researchers involved in the project undergo preliminary studies on
the use of CuO and ZnO NPS on textile surfaces by the sonochemical method
(Abramov et al. 2009, Perelshtein et al. 2009a, Perelshtein et al. 2009b).They
studied the antibacterial properties and characterisation of the NPs on the fabrics
and demonstrated a homogeneous impregnation of nanoparticles on the fabrics
surface with a good antibacterial activity against different bacteria tested (> 99%
bacterial reduction). The researchers demonstrated that even less than 1% of ZnO
and CuO coated fabric (%wt.) possessed bactericidal activity (Abramov et al. 2009,
Perelshtein et al. 2009b). Apart from ZnO and CuO, they also looked at the
synthesization and deposition of silver NPs by sonochemical method in order to
compare the antibacterial activity (Perelshtein et al. 2008).
Based on the preliminary results, the pilot line was designed for the scale up
of a sonochemical process to impregnate textile fabrics with ZnO and CuO NPs. The
process was developed and patented at BIU laboratories in Israel (Gedanken et al.
2009). A schematic diagram of the sonochemical reactor at a laboratory scale is
shown in Figure 22. The sonochemical reactor was divided into several sub-systems:
reagent preparation, sonochemical tank, ultrasonic transducer and driver, textile
rolling and motorization along with a washer/dryer. The ultrasonic parameters of the
process (frequency and power output) were input via a control panel. The feed rate
of the fabric (100 mm wide) was controlled by a 0.5 kW motor that regulates the
release and winding of fabric in the reaction tank. The fabric feed rate was controlled
within the limits of 0.004 - 0.050 m/s. This was a continuous process in which the
fabric was fed through two vibrating surfaces driven by ultrasonic magnetostrictive
transducers at a frequency of 20 kHz (Abramov et al. 2009).
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Figure 22 A schematic diagram of the pilot sonochemical reactor used for
impregnating fabric (Abramov et al. 2009) 
After the initial laboratory phase of development, the process was transferred
to an industrial scale where two prototype machines were constructed by the SONO
project partners. These were used for experiments regarding optimisation of the
process and for preparation of ZnO and CuO treated cotton for use in a hospital trial.
One of the pilot machines was installed in Italy in a company called KLOPMAN
International and the other in a Romanian firm called DAVO clothing. One machine
was constructed using magnetostrictive type ultrasonic transducers (Davo) and the
other with piezoelectric type transducers (Klopman) (Abramov et al. 2009). One of
the project aims was to compare the operation of the two transducers types in terms
of economics and efficiency.
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Figure 23 One of the prototype machines used to produce medical textiles based on




     
             
         
             
            
           
           
           
           
          
              
     
            
           
           
              
          
           
              
              
             
       
             
            
           
2 Research aims and objectives
The aim of this project was to assess the antibacterial activity of fabrics
sonochemically impregnated with metal oxide nanoparticles (ZnO and CuO).
Cytotoxicity of these fabrics was also investigated in human cell lines. These metal
oxides have been shown to possess antibacterial activity and could provide an
alternative to the widespread use of silver nanoparticles in textiles.
Antibacterial activity testing was carried out using a selection of bacteria
including Gram positive and Gram negative species. As the fabrics under
development were intended for use in hospitals, the species chosen were
representative of bacteria commonly associated with HAIs. Standard test strains
were used so that the results could be compared with published data for other
commercially produced antibacterial fabrics.
The absorption method from ISO 20743 was chosen for the determination of
antibacterial efficacy. This is recognised as the industrial standard method for
antibacterial textile testing in Europe et al. 2011, Brunon et al.
2011, Chadeau et al. 2010, Fei et al. 2011, Perelshtein et al. et al.
et al. 2009, Wei et al. 2012, Zhou et al. 2013). 
Antibacterial activity testing was also performed using a disc diffusion method
and two shake flask methods in saline and nutrient broth. These tests are commonly
used in research on antibacterial fabrics and were included in this work to aid
comparison with other published research. They were also carried out in order to
check the results from the absorption testing.
This investigation was part of a larger EU Framework 7 (FP7) funded project
(SONO) which was aimed at transforming a laboratory based process into an
optimised process at the factory pilot scale. The antibacterial efficacy tests
54
 
           
      
  
             
              
           
             
          
        
            
            
             
         
           
 
            
              
            
            
          
 
              
            
conducted at Coventry University provided very important information to assist with
the optimisation of the pilot plant.
2.1 Objectives
Based on the aims of the project, the main objectives of this study were: 
i. To investigate the antibacterial activity of the fabrics against a range of Gram
positive and Gram negative bacteria using the absorption methods from ISO
20743, a disc diffusion method, and shake flask methods in nutrient broth and
saline. The fabrics were produced sonochemically using a laboratory coating
system at Bar-Ilan University (BIU) in Israel.
ii. To compare the level of antibacterial activity shown by the sonochemically
produced fabrics (ZnO and CuO) to the antibacterial activity of fabrics coated
with silver and triclosan. Textiles coated with silver or triclosan account for the
majority of commercially available antibacterial fabrics. Here they were
produced by one of the project partners using a conventional pad-dry-cure
method.
iii. To test and compare the antibacterial activity of CuO impregnated fabrics
from the two pilot plants set up in Italy and Romania (Klopman and Davo
respectively) during the optimisation of lab process to the industrial set up.
CuO NPs were applied to 60/40 mix polyester cotton fabrics using two
different ultrasonic methods; the original sonochemical (in-situ) method and a
iv. To investigate the leaching of metal ions or nanoparticles from the textiles in
to saline and to investigate the antibacterial activity of the leached solutions.
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Zinc and copper concentrations on the fabrics and in solution were measured
by ICP-OES. The aim of these experiments was to investigate the role of
leaching in the antibacterial activity of these fabrics.
v. To investigate the suitability of flow cytometry (FC) as a method to assess
antibacterial activity and to compare the FC results with the agar plate counts
from the absorption method of ISO 20743. FC and fluorescence microscopy
was also used to detect viable but non culturable cells (VBNCs).
vi. To assess the cytotoxicity of the fabrics impregnated with ZnO and CuO NPs
in human dermal fibroblast cells (HDF) and human hepatocellular carcinoma




     
           
           
         
              
           
           
          
    
             
            
           
            
  
             
          
           
      
              
              
                
              
3 Methodology
3.1 Quality control and safety
Test bacterial strains were purchased from the Health Protection Agency
(HPA) National Collection of Type Cultures (NCTC). After regrowth in nutrient
broth the cultures were frozen at -80 °C for storage.
Streak plates were prepared on a regular basis from the master inoculums to
maintain the purity and uniformity of bacterial cultures. Gram stains were
performed with each experiment to check the purity of cultures. During
experiments streak plates were prepared from inoculum cultures and from
control samples post incubation.
All equipment and testing surfaces were sterilized using 70% IMS to maintain
aseptic conditions. In most cases lab items and media were sterilized by
autoclaving. The buffers used in flow cytometry were sterilized using a
Millipore syringe filter (0.22 µm) to reduce background noise in the solution
during analysis.
All stains and Petri-dishes were disposed off in clinical waste bins in
compliance with the local disposal regulations in force. Contaminated pipette
tips and other small disposable items were soaked in dilute Trigene
disinfectant prior to autoclaving and disposal.
Water baths were regularly checked for contamination. 1 ml of the bath water
was mixed with plate count agar or spread on nutrient agar plates. Then the
plates were incubated at 37 ± 2 °C for 24 48 hours. If any contamination was
found the bath was heated to > 90 °C, emptied and sprayed with 70% IMS.
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3.2 Equipment and apparatus
The concentration of bacteria in nutrient broth cultures was estimated by
measuring optical absorbance at 660 nm using a Corning colorimeter 253.
The colorimeter was zeroed by placing nutrient broth in a 1 ml cuvette.
A Thermo Scientific MaxQ 6000 shaking incubator was used to incubate
cultures at a constant temperature of 37 ± 2°C. Shaking cultures were
incubated at a speed of 110 rpm.
For pour plating experiments a Grant Instruments Ltd. water bath was used to
maintain plate count agar (PCA) tubes at a constant temperature of 45 ± 2°C.
The sterile agar universal tubes were first melted in a steamer and then
cooled down to a temperature of around 45°C in a water bath. This was a high
enough temperature to prevent the agar from solidifying in the tubes and a low
enough temperature not to kill the bacteria when they were mixed with the
agar.
A Protocol Synbiosis colony counter was used to enumerate colonies on agar
plates. The system employs a unique LED lighting system configured for the
illumination of all sample types for colony counting or for the measurement of
inhibition zones on plates.
A New Brunswick Scientific (NBS) MediaMatic MM-9 autoclave and PourMatic
MP-1000 plate pourer were used to prepare nutrient agar plates.
A Jencons Scientific Ltd. Perimatic GP agar pourer was used for dispensing
nutrient broth, saline, SCDLP and plate count agar into universal tubes.
A MSE micro centaur centrifuge was used for flow cytometry sample
preparation. Samples were typically centrifuged in sterile Eppendorf tubes for
3 minutes at 13,000 rpm to pellet bacteria.
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A BD FACSTM flow cytometer equipped with 488 nm laser excitation was used
for the flow cytometric analysis with Quest software.
3.3 Bacterial strains
For this project, a range of bacterial species were tested against woven cotton
and polyester cotton fabrics with different types of antibacterial impregnations (ZnO
or CuO nanoparticles). The species of bacteria used in these experiments are
common causes of nosocomial infections (hospital acquired infections). The strains
for antibacterial testing were chosen by the SONO project consortium and purchased
from the National Collection of Type Cultures (NCTC) and American Type Culture
Collection (ATCC). The bacterial strains used were:
Staphylococcus aureus Gram +ve NCTC10788
MRSA Gram +ve NCTC10442
Escherichia coli Gram ve NCTC12923
Acinetobacter baumannii Gram ve NCTC10303
Pseudomonas aeruginosa Gram ve NCTC13359
Klebsiella pneumonia Gram ve ATCC 4352 
Master strains were stored at -80°C in a freezer. The strains were cultured on
nutrient agar and grown aerobically at 37°C overnight.
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3.4 Materials used
3.4.1 Reagents and culture media
The reagents used in all tests were of analytical quality. Oxoid dehydrated
media powder was used
instructions were followed for media preparation. Deionized water was used to
prepare all microbiological media.
3.4.1.1 Nutrient broth (NB)
Nutrient broth was purchased from Oxoid (CM0001) in powder form. Nutrient
broth was prepared by dissolving 13 g of powder per litre of reverse osmosis (RO)
water and autoclaving for 15 minutes at 121 °C. 9 ml of the broth was dispensed into
25 ml glass universals prior to autoclaving. Nutrient broth powder contained:
Beef extract 3.0 g
Peptone 5.0 g
pH after sterilization 6.9 ± 0.2
3.4.1.2 Soyabean-Casein Digest broth with Lecithin and Polysorbate 80
medium
Peptone, digest of casein 17.0 g Sigma-Aldrich 70172
Peptone, digest of soybean 3.0 g Sigma-Aldrich 70178
Sodium chloride (NaCl) 5.0 g Fisher Scientific S/3160/53
Potassium dihydrogen phosphate 2.5 g Fisher Scientific P/4800/53
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Glucose 2.5 g Fisher Scientific G/0500/60 
Lecithin 1.0 g Fisher Acros 4131025
Polysorbate 80 7.0 g SLS 47510
Water 1000 ml (final volume)
pH after sterilization 7.2 ± 0.2
Soybean Casein Digest broth with Lecithin and Polysorbate 80 (SCDLP)
medium was prepared by dissolving 17 g of casein peptone, 3 g of soybean peptone,
5 g of sodium chloride, 2.5 g of potassium dihydrogen phosphate, 2.5 g of glucose, 1
g of lecithin and 7 g polysorbate 80 (non-ionic surfactant) in 1 litre of RO water and
mixed thoroughly on a stirrer. After mixing, the medium was sterilized by autoclaving
at 121°C for 15 minutes. After autoclaving, the pH was adjusted to around 7.2 at
room temperature using 2 M sodium hydroxide. The medium was then dispensed
into universal tubes and sterilized again by autoclaving 121°C for 15 minutes. The
purpose of the SCDLP in experiments was to neutralise any growth inhibitory effects
from the test antibacterial agents in solution and to help release bacteria from the
test fabrics for enumeration. The SCDLP was stored at 5°C in a fridge for no longer
than one month after preparation.
3.4.1.3 Plate count agar (PCA)
PCA was purchased from Oxoid (CM0325) and 17.5 g was dissolved per litre
of RO water and heated at 100°C for 1.5 hours with mixing every 30 minutes. Once
the agar was fully dissolved, it was dispensed as 17 ml aliquots into glass universal




      
      
      
            
        
    
             
                
               
                
               
              
                   
              
  
       
      
      
      
       
        
 
Dehydrated yeast extracts 2.5 g
Casein tryptone 5.0 g
Glucose 1.0 g
Agar 12-18 g (depending on the gel strength)
pH after sterilization 7.2 ± 0.2
3.4.1.4 Nutrient agar (NA)
Nutrient agar was prepared by mixing 28 g of Oxoid powder (CM0003) per
litre of RO water and sterilized at 121ºC for 15 minutes using an autoclave. An NBS
mediaclave and plate pourer was used to prepare the media. Typically, 2 litres of RO
water and 56 g of NA were mixed and placed in the autoclave vessel, which was
sealed. The agar inside was mixed and sterilized at 121ºC for 15 minutes. The agar
was allowed to cool until the temperature dropped to 50ºC and then dispensed into
Petri dishes (18 20 ml each) via the plate pourer. The agar was left to set for at

















   
              
                
              
          
    
          
             
             
               
               
        
     
             
           
      
       
                
           
             
              
3.4.1.5 Sterile saline
For the preparation of saline 8.5 g of sodium chloride was dissolved per litre
of RO water and mixed well using a magnetic stirrer. Saline was dispensed as 9 ml
aliquots into 20 ml glass universal bottles and sealed with metal lids. The universals
were sterilized at 121ºC for 15 minutes in an autoclave.
3.4.1.6 Phosphate buffered saline
Phosphate buffer solution (PBS) was prepared as x10 concentrated solution
by dissolving one Sigma Aldrich buffer tablet (Product code: P4417) in 100 ml
distilled water. The solution was then autoclaved. Small working volumes (20 ml) of
the solution were prepared by adding 2 ml of concentrated buffered solution in 18 ml
of distilled water. This was sterilized by using a 0.22 µm Millipore syringe filter. This
buffer was used for flow cytometry viability experiments.
3.4.1.7 Staining buffer (Flow cytometery)
1mM EDTA, 0.01% Tween 20 and 0.1% sodium azide was added to phosphate
buffered solution (pH 7.4) to make staining buffer for flow cytometry experiments 
3.5 Preparation of inoculum (ISO 20743:2007)
3.5.1 Inoculum for growth on solid media
1 ml aliquots of each of the test bacterial strains (in nutrient broth with 15% v/v
glycerol) were stored in cryovials at -80ºC (MDF-U74V -80°C ultra-low freezer,
Sanyo). For the preparation of stock lab cultures, streak plates were prepared from
these frozen cultures. A small amount of the frozen material was taken using a
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sterile inoculating loop and then used to prepare a streak plate on nutrient agar
(Figure 24). The plates were incubated at 37 ± 2ºC for 24 - 48 hours and then stored
at 5 ± 2ºC. Stock cultures were passaged every one to two weeks to minimize
contamination and ensure healthy bacteria. New stock culture plates were prepared
from the frozen stocks after the cultures had been passaged 5 times. Cultures were
discarded and re-prepared if any non-type colonies were seen.
Figure 24 A quadrant streak of Staphylococcus aureus on nutrient agar plate
3.5.2 Preparation and incubation of test inoculums
Bacterial suspensions were prepared according to the guidelines in the ISO
20743:2007 standard. A single colony was taken from the stock bacterial culture with
a loop and inoculated into 20 ml of sterile NB in a sterile 100 ml Erlenmeyer flask.
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The flask was then incubated in a shaking incubator at 37ºC at 110 rpm for 24 ± 3
hours.
After incubation, 0.4 ml of the overnight inoculum was transferred to a 100 ml
Erlenmeyer flask containing 20 ml NB and incubated in a shaking incubator for 3
hours at 37ºC and 110 rpm to obtain a target concentration of 108 CFU/ml.
3.5.3 Calibration of bacterial suspensions
To ensure consistency and reproducibility, the concentration of the bacterial
inoculums were adjusted to be roughly equal between experiments. The number of
bacteria in suspension was estimated using a turbidity method. By comparing plate
counts with absorbance measurements an optical absorbance at 660 nm of between
0.1 - 0.3 was found to be roughly equal to a concentration of between 1 x 108 - 3 x
108 CFU/ml. Inoculum concentrations of between 1 x 105 and 1 x 106 CFU/ml were
prepared by appropriate dilution steps. For example if the absorbance was 0.2 then
times 1000 dilution yielded a concentration of approximately 2 x 105 CFU/ml. If the
absorbance was 0.6 then times 2000 dilution produced a concentration of roughly 3
x 105 CFU/ml.
3.6 Preparation of fabric samples
Metal oxide impregnated cotton fabrics were prepared using a laboratory
impregnation system at Bar-Ilan University (BIU), Israel, in accordance to their
previously published procedure (Abramov et al. 2009). The antimicrobial
nanoparticles were synthesized and impregnated on the textile fabrics by a
sonochemical technique. In the coating tank zinc acetate or copper acetate was
dissolved in a 9:1 mixture of ethanol and water. The tank was heated to 55 ± 5°C
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and the pH of the solution was raised to between pH 8 - 9 by the addition of
ammonia. The ammonia forms a complex with the zinc or copper ions in solution.
Rolls of cotton (10 x 0.1 m, plain unbleached woven cotton 145 g.cm-2) were then fed
at a constant speed (22 cm/min) through the reaction tank and ultrasonic field. After
impregnation, the rolls of cotton were washed with clean water and ethanol and then
dried (Abramov et al. 2009).
Antibacterial tests (ISO 20743 absorption method) were also performed on
silver, triclosan and chitosan fabrics coated using a pad dry cure method rather than
the sonochemical method. This was to produce some data for comparing
antibacterial activity of other common coatings. The silver and triclosan fabrics were
supplied by Klopman International (Italy).
Two pilot scale machines were built as part of the SONO project and were
used to prepare samples for testing and for the manufacture of hospital gowns and
linens. One was set up in Italy at a company called KLOPMAN International and the
other one was installed at Romanian firm called DAVO clothing.
Impregnated samples were prepared using the same basic protocol described
for the lab scale system above. A number of experiments were carried out with the
two machines to check their operation and to optimize the process. Out of these
experiments, two sets of fabrics were compared in the work presented here:
i. - In this technique the reaction
tank was filled with a suspension of pre-formed CuO nanoparticles in
water. Ultrasound was employed to impregnate these nanoparticles onto
the fabrics but not in the sonochemical synthesis of them. The CuO
nanopowder was purchased from a commercial supplier (Product #: 29N-
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0801, average particle size 80 nm as per Holland Moran Ltd., Israel). This
technique was adopted to allow experimental runs to proceed without the
use of ethanol.
ii. In-situ technology - This is the sonochemical method of impregnation,
where the nanoparticles were formed and simultaneously impregnated
onto the fabrics in a one step process (same as the lab scale method of
impregnation).
The experiments conducted at the pilot scale concentrated on the use of CuO
because it produced a strongly coloured coating on the white fabrics. This allowed
for a rapid visual assessment of the impregnation process.
3.7 Antibacterial assessment of test fabrics
The methodology used for the antibacterial efficacy testing was based on the
Intern - determination of antibacterial
(ISO 2007). The international standard
specifies three different quantitative test methods for determining the antibacterial
activity of antibacterial finished textile products. Based on the intended application
and the environmental conditions in which the fabrics are to be used; the absorption
method was chosen to be the most suitable method for the determination of
antibacterial activity. Unlike other antibacterial testing methods, the absorption
method is intended to simulate real use conditions.
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3.7.1 Absorption method (ISO 20743) plate count enumeration
In this method, test bacterial suspension is inoculated directly onto fabric
samples. For the antibacterial testing according to the absorption method, fabric
pieces were cut to a size of 5 x 5 cm to obtain a mass of approximately 0.40g ± 0.05
g. Six samples of control fabric and three samples of impregnated test fabric were
prepared for each antibacterial test. Each test sample was placed into a separate
universal tube and autoclaved. 0.2 ml of bacterial inoculum (1 - 3 x 105 CFU/ml in
dilute NB) was pipetted drop wise over the whole surface of each control and each
test fabric to ensure the fabric was well covered by the inoculum. Care was taken not
to allow the inoculum to wet/touch the inner surface of the vial. Three controls were
used to monitor bacterial concentration at time zero immediately after inoculation
and the remaining three and the test samples were used to measure bacterial
numbers after a contact time of 24 ± 3 hours incubation. Immediately after
inoculating the samples, the first three universal vials for the control fabric were
mixed with 20 ml of SCDLP medium. The vials were tightly capped and shaken
vigorously by hand in an arc of ~30 cm for 30 seconds. The remaining three
universals for the control and test fabric were incubated at 37ºC for 24 ± 3 hours
immediately after inoculation with the test bacterium. After incubation the remaining
three sets of control and test fabrics were treated in the same way with SCDLP. The
SCDLP medium neutralized the antibacterial coating/impregnation and helped to
wash the bacteria free from the fabrics.
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3.7.2 Serial dilutions
Serial dilutions of the bacterial suspensions in SCDLP medium were prepared
for pour plating. 1 ml of each suspension was pipetted and added to the next test
tube containing 9 ml of NB. 10 fold dilutions were made up as shown in Figure 25. 
i. A 3 fold dilution series was prepared for the initial set of control fabrics
(inoculum day 1). Petri dishes were labelled (100, 10-1, 10-2 and 10-3) for the
initial set of control fabrics.
ii. A 5 fold dilution series was prepared for the post incubation suspensions (day
2) and Petri dishes supporting the bacterial growth for the post incubated set
of control and test fabrics were labelled (100, 10-1, 10-2, 10-3, 10-4 and 10-5). 
1 ml was taken from each diluted tube and pipetted onto two corresponding
Petri dishes across the plate.




    
   
             
                 
             
             
              
               
             
             
               
            
 
 
             





The pour plating method is one of the methods used to determine microbial
count per ml or per gram of specimen. The main advantage of this method is that it
does not require previously prepared agar plates and is often used to assay anti-
microbial effects of various substances. After pipetting 1 ml of inoculums from the
serial dilutions, approximately 15 ml of warm PCA (~45°C water bath) was added to
each Petri dish. Petri dishes were rotated gently, or moved back and forth, to ensure
the culture and medium was thoroughly mixed and the medium evenly covered the
plate. Plates were left at room temperature until the medium solidified, then turned
upside down to ensure water condensation did not drip on to the agar. The plates
were then incubated at 37 ± 2°C for 24 48 hours.
Figure 26 Colonies formed on agar by pour plating method under aseptic conditions.




              
             
            
             
              
           
 
  
       
 
 
          
             
   
 
   
           
              
            
            
                 
               
              
                 
                
Pour plates allow bacteria to grow on both the agar surface and within the
medium. Colonies which grow within the medium are relatively small in size and
confluent compared to the colonies on the agar surface (Figure 26). Following
incubation, the number of colonies was counted on the serially diluted plates on
which 30 - 300 CFU were visible. Plates were counted using a Protocol Synbiosis
colony counter and the bacterial concentration was calculated using the following
formula:
Equation 1:
Bacterial Concentration C = A × R
Where:
C bacterial concentration, in Colony Forming Units per milliliter (CFU/ml)
A average value, in Colony Forming Units (CFU), in the two Petri dishes
R dilution factor
3.7.3.2 Spread plating
One other method of quantifying and distributing bacteria is through spread
plating. Spread plating is a similar technique to pour plating for quantifying the
number of bacteria in a solution. This method requires previously prepared agar
plates. Bacteria are evenly distributed over the surface by spreading technique using
a bent glass rod. 0.1 ml of bacterial suspension was placed in the center of an agar
plate using a sterile pipette. The glass rod was sterilized by dipping it into absolute
alcohol or 100% IMS and passing it quickly through Bunsen burner flame. The rod
was air cooled for few seconds and then touched to the side of an agar surface to
ensure it was not hot. Once done, the rod was streaked back and forth on the
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surface of agar to ensure even distribution of inoculum across the plate. The plate
was turned to 90 degrees to repeat the side to side, up and down streaking. The
plate was covered with lid and incubated at 37 ± 2°C for 24 ± 3 hours.
3.7.4 Test results interpretation
3.7.4.1 Judgment of test effectiveness
The ISO 20743 standard includes guidelines for judging the effectiveness of the
test. These are outlined below:
i. The concentration of the test inoculum falls within the range of 1 - 3 x 105 
CFU/ml.
ii. Differences in extremes for the three control fabrics immediately after
inoculation and after incubation should be < 1 log.
iii.
the plate count method.
3.7.5 Calculation of antibacterial activity value
When the test had been judged effective, the antibacterial activity was
obtained using the following formula:
Equation 2:
A = (lg Ct lg Co) (lg Tt lgTo) = F G
Where:
A is the antibacterial activity value
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F is the growth value on the control fabric (F = lg Ct lg Co)
G is the growth value on the coated/impregnated fabric (G = lg Tt lgTo)
lg Ct is the average common logarithm for the number of bacteria obtained
from three control samples after 24 ± 3 hour incubation
lg Co is the average common logarithm for the number of bacteria obtained
from three control samples immediately after inoculation
lg Tt is the average common logarithm for the number of bacteria obtained
from three antibacterial coated/impregnated samples after 24 ± 3 hour
incubation
lg To is the average common logarithm for the number of bacteria obtained
from three coated/impregnated samples immediately after inoculation (= lg Co)
A set of general assessment criteria defined by Hohenstein Institute (Hoefer
and Hammer 2011) are as follows:
If a growth reduction efficacy (A value) is <0.5, it corresponds to no
antibacterial activity.
- <1, it corresponds to a slight
antibacterial activity.





     
          
       
      
    
 
        
             
  
            
         
 
     
           




        
            
          
3.7.6 Calculation of percentage reduction
The percentage reduction in the numbers of viable/live bacteria after
incubation was calculated using the following formula
Equation 3:
Where;
R% is the percentage reduction in viable bacteria,
A is the number of bacteria colonies from untreated control fabric samples at
time zero.
C is the number of bacterial colonies recovered from treated fabrics after
incubation over a 24 ± 3 hour contact period
3.7.7 Calculation of growth reduction
The growth reduction in the numbers of viable/live bacteria after incubation
was calculated using the following formula:
Equation 4:
Where;
R% is the growth reduction in viable bacteria,
B is the number of bacteria colonies from untreated control fabric samples
after incubation over 24 ± 3 hour contact period
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C is the number of bacterial colonies recovered from treated fabrics after
incubation over a 24 ± 3 hour contact period
3.8 Disc diffusion method (Semi-quantitative test)
The ability of the impregnated fabrics to inhibit bacterial growth was also tested
using a disc diffusion method. The disc diffusion method (Kirby-Bauer) is a relatively
quick and easily executed semi-quantitative test to determine antibacterial activity of
diffusible antimicrobial agents on impregnated textile material. The method allows for
the simultaneous testing of a large number of antimicrobials in a relatively easy and
flexible manner.
The bacteria were grown as detailed in section 1.5. Test organisms (1 - 3 x 106 
CFU/ml) were swabbed over the surface of Isosensitest agar plates (Oxoid) with a
sterile cotton-tipped swab to form an even lawn. 10 mm diameter discs of the
impregnated fabric and control fabric were cut and gently pressed on to the surface
of the plate. The plates were incubated aerobically at 37ºC for 24 ± 3 hours. The
antibacterial activity of impregnated fabrics was assessed from the diameter of the
zone of inhibition (clear zones with no visible bacterial growth) and compared to the
control fabric. Images were recorded using a Protocol 2 plate counter (Synbiosis,
UK). The greater the diameter of the inhibition zone, the more susceptible is the
microorganism to the antimicrobial. The experiment was performed in duplicate and
the mean value was taken. The values quoted in the results section are the total
diameters of the zones of the inhibition including the 10 mm wide samples. 
75
 
    
             
             
            
               
              
               
          
             
           
            
             
            
              
            
          
 
        
              
             
                
              
                    
            
               
3.9 Shake flask tests
Shake flask tests are a common alternative to diffusion tests for the evaluation
of antibacterial activity. They can be used to provide a quantitative indication of
antibacterial effect unlike the diffusion methods which are only semi quantitative. In
such tests the test material is submerged in a suspension of the target bacteria in
saline, buffer or nutrient broth. After a set period of shaking incubation, samples of
the liquid are taken for serial dilution and agar plating. The number of viable bacteria
recovered from impregnated samples is compared with viable numbers recovered
from control samples incubated in the same way. The antibacterial activity can be
expressed in terms of percentage reduction compared to the start bacterial
concentration, or percentage reduction in growth by comparison to growth on the
control samples. This test method is also suited to the testing of hydrophobic
materials (poorly wetting) which do not work well with absorption methods. Shake
flask methods were explored in this work to corroborate the results from the ISO
20743 tests and to evaluate the small differences in antibacterial activities of
impregnated fabrics which were not evident by the absorption method.
3.9.1 Shake flask in nutrient broth (Semi-quantitative test) 
The first series of shake flask tests was conducted using NB. In this method
NB was used to enable monitoring of bacterial growth by measuring the absorbance
of the medium over time. The samples were placed in shaking flasks for 3 hours at
37ºC and the change in optical absorbance over time was monitored at a wavelength
of 660 nm. Test and control fabrics were cut into small pieces of 5 x 5 cm (0.4 g) and
placed into empty sterile Erlenmeyer flasks in triplicates. The fabrics were inoculated
with 0.2 ml of bacterial inoculums (1 - 3 x 106 CFU/ml). Immediately after inoculation,
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the fabrics were soaked in 20 ml of nutrient broth. The flasks were then shaken at
110 rpm in a rotary shaking incubator at 37ºC. 1 ml aliquots were taken for
absorbance readings at 660 nm from time 0 - 3 hours with intervals of 30 minutes. A
final reading was also taken at 24 hours following overnight incubation. Antimicrobial
efficacy was determined based on triplicate test results.
3.9.2 Shake flask test in saline (Quantitative method)
A shake flask method was also performed in saline to investigate the
antibacterial activity of impregnated fabrics. This method was closer to the standard
dynamic shake flask method ASTM E2149 (ASTM 2010) in that no nutrient source
was added. In this method bacterial growth was much slower and so absorbance
measurements were not suitable for monitoring bacterial numbers. Instead dilutions
were spread on NA plates for enumeration.
Fabric samples were placed in contact with 20 ml of sterile saline (0.85%
NaCl) in Erlenmeyer flasks. Fabrics were inoculated with 1 ml of bacterial inoculums.
The inoculums were x100 diluted (1 - 3 x 106 CFU/ml) in saline of a 3 hour culture.
The aim was to produce a suspension with approximately 105 CFU/ml. The tests
against each bacterium included (a) control fabric in saline (b) impregnated fabric in
saline (c) no fabric in saline. All the three treatments were performed in triplicate.
The flasks were then subjected to incubation in a rotary shaking incubator at 37 ±
2ºC. The number of viable cells after incubation was obtained by spread plating
serial dilutions on nutrient agar at 0, 1, 3 and 24 hours.
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3.10 Saline leaching tests
Leaching tests were performed to investigate the leaching properties of the
metal oxide nanoparticles (ZnO/CuO) from the impregnated fabric samples into
saline solution. The methodology used was very similar to that used for the saline
shake flask tests. The main difference being that the fabric samples were removed
from the saline flasks prior to addition of the bacterial inoculums. This prevented
direct contact between the bacteria and the metal oxide NPs impregnated fabric.
Fabric samples were placed in contact with 20 ml of sterile saline (0.85%
NaCl) in Erlenmeyer flasks. The tests included (a) unwashed control fabric in saline
(b) CuO impregnated fabric in saline (c) ZnO impregnated fabric in saline. All the
three treatments were performed in triplicate. The flasks were then subjected to
incubation in a rotary shaking incubator at 37 ± 2ºC for 3 hours. After 3 hours, fabrics
were removed from the solutions and the solutions were inoculated with 1 ml of
bacterial inoculum. The inoculums were prepared by x100 dilution in saline of 3 hour
NB cultures. The flasks were then subjected to incubation in a rotary shaking
incubator at 37 ± 2ºC. The number of viable cells after incubation was obtained by
spread plating serial dilutions on nutrient agar at 0, 3 and 24 hours.
3.11 Inductively coupled plasma - optical emission spectrometer (ICP OES)
An inductively coupled plasma optical emission spectrometer (PerkinElmer
Optima 5300 DV ICP-OES) was used to determine concentration of zinc and copper
metal ions in the solution. In the SONO project concentration values for the total
copper and zinc impregnations on the fabrics were determined through testing done
in Israel (Bar-Ilan University). Further work was carried out at Coventry using the
same methodology. For measurements of the total concentrations of Zn and Cu on
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the fabrics the metal oxides were fully dissolved with 0.5 M nitric acid. For the
leachate experiments, Cu and Zn concentrations were measured in saline solutions
after the 3 hour shaking incubation.
Standards and samples were fed to argon plasma via a nebulizer. The excited
atoms in the plasma emitted light at characteristic wavelengths to distinguish
different elements based on the wavelength of the light emitted. The ICP software
(WinLab32) compared the measured intensity in the samples to the calibration graph
to determine the concentration.
Stock standards were prepared for each trace metal (Zn/Cu) to be measured
for the calibration blank. Using a pipette, different concentrations were measured into
a flask to create the desired standard used for the experimental analysis as shown in
Table 7. The standards were prepared by diluting 1000 ppm solutions of the metals
(Fisher Chemical, Zinc solution 1000 ppm in ca. M nitric acid, Code: J/8070/08;
Fisher Chemical, Copper solution 1000 ppm in ca. M nitric acid, Code: J/8025/05
and Nitric Acid, ACS, Alfa Aesar).
Table 5 Metal ion standards for calibration of the ICP (PPM = parts per million)
Mixed standard Proportion
20 PPM (Stock standard)
500 µl Cu sol. + 500 µl Zn sol + 23.5 ml saline + 520 µl 0.5M
nitric acid
10 PPM 5ml of 20 PPM stock standard + 5 ml saline
5 PPM 2.5ml of 20 PPM stock solution + 7.5 ml saline
2 PPM 1 ml of 20 PPM stock solution + 9 ml saline
1 PPM 0.5 ml of 20 PPM stock solution + 9.5 ml saline 
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3.11.1 Measurement of the total concentration of metals on the fabrics 
Fabric samples were placed in contact with 20 ml of sterile saline (0.85%
NaCl) in Erlenmeyer flasks. The tests included (a) unwashed control fabric in saline
(b) CuO impregnated fabric in saline (c) ZnO impregnated fabric in saline. All the
three treatments were performed in triplicate. 416 µl of 0.5 M nitric acid was added to
all the flasks to dissolve metal oxides on the fabrics into solution (total digestion of
metals in solution) and to maintain a low pH to avoid metal precipitation. The flasks
were subjected to heating at 80°C in a water bath for 30 minutes with continuous
stirring (manual) every 5 minutes. Fabrics were removed from the solutions and the
solutions were used for analysis.
3.11.2 Measurement of the concentration of metals in the leachates
Fabric samples were placed in contact with 20 ml of sterile saline (0.85%
NaCl) in Erlenmeyer flasks. The tests included (a) unwashed control fabric in saline
(b) CuO impregnated fabric in saline (c) ZnO impregnated fabric in saline. All the
three treatments were performed in triplicate. The flasks were then subjected to
incubation in a rotary shaking incubator at 37 ± 2ºC for 3 hours. After 3 hours, fabrics
were removed from the solutions and 416 µl of 0.5M nitric acid was added in 20 ml of
leachate solutions to dissolve metal oxides and to maintain a low pH to avoid metal
precipitation.
3.12 Shake flask tests with different sized fabric pieces
The methodology used for this testing was closely related to the other shake
flask tests except that a range of different sized tests pieces were used. The testing
was performed with different sized fabric pieces to vary the effective concentration of
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the nanoparticles in the flasks/universals. In tests using the standard sized test
pieces (5 x 5cm) some of the different fabrics that were tested completely inhibited
bacterial growth under the experimental condition used. In these cases it was not
possible to compare their antibacterial activity levels with each other. By using a
range of smaller test pieces it was hoped that differences in the activity of the
impregnations may be made apparent.
Fabrics were cut into the following sized strips:
1. 2.5 x 1cm
2. 2.5 x 2cm
3. 2.5 x 4cm
4. 2.5 x 8cm
For the initial set of fabrics, samples were immersed in 10 ml of nutrient broth
(NB) in universal tubes in duplicates. The tests included (a) control fabric (b) CuO
impregnated fabric (c) ZnO impregnated fabric (d) no fabric
The NB and fabrics were inoculated with 1 ml of bacterial inoculums (x100
dilution of a 3 hour culture). Immediately after inoculation, the flasks were subjected
to incubation in a rotary shaking incubator at 37 ± 2ºC for 24 ± 3 hours at 185 rpm. In
the NB tests, the absorbance was checked at 660 nm after 24 hours. For the CuO
impregnated fabrics, the leaching of Cu ions turned nutrient broth into a bluish black
colour solution and the OD measurements taken were not representative of the
bacterial concentration.
To overcome this problem, CuO impregnated fabrics from the pilot plant were
tested in both saline and NB. After 24 hours incubation, all samples were plated with
appropriate dilutions onto nutrient agar rather than taking OD measurements.
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3.13 Effect of sample preparation on viable cell numbers
The preparation of samples from the ISO 20743 tests for the measurement of
viable cell numbers by flow cytometry (FC) included a number of steps that were not
present in the standard plate pouring/plate count method. In the ISO method the
SCDLP and NB dilutions were mixed directly with the PCA on the plates. For FC, the
bacteria in SCDLP were washed twice with saline and resuspended in staining
buffer. This involved three rounds of centrifugation (13,000 rpm for 3 minutes), plus
vortex mixing and sonication to re-suspend the cells.
The influence of sonication, vortex mixing and centrifugation on bacterial viable
counts was investigated and compared with untreated samples by plating onto
nutrient agar. Morphological changes were also observed by Gram staining. Three
modes of homogenization experiments were performed for each bacteria:
Normal samples
Sonication in a water bath at room temperature for 2 minutes using a 40
kHz Langford sonication bath (7043375TT)
Centrifugation at 13,000 rpm for 3 minutes followed by vortexing
Following the above treatments samples were serially diluted and plated on NA
and then incubated at 37ºC for 24 - 48 hours.
3.14 Preparation and incubation of test inoculums
Test inoculums were prepared as per the methodology described in section
3.5.2. The three hour bacterial culture was serially diluted 9 fold in saline universal
tubes. Dilution 7, 8 and 9 were used for three modes of homogenization
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experiments. Dilutions were prepared in duplicate and each dilution was plated in
duplicate on NA plates.
3.15 Flow cytometry (FC)
3.15.1 Storage and handling of staining solutions
DMSO stock solutions of thiazole orange (TO, 42 µmol/L in DMSO) and
propidium iodide (PI, 4.3 mmol/L in water 6ºC away from light. All
reagents were allowed to warm to room temperature and then centrifuged briefly
before opening. The microsphere standard was stored at 2 - 6ºC and not frozen.
When stored properly, the kit is stable for at least one year (BD Biosciences
Catalogue No.: 349483). Both DMSO stock solutions must be handled with great
care, as DMSO is known to facilitate the entry of organic molecules into tissues. 
3.15.2 Preparation of live and dead bacterial suspensions
Live and dead bacterial suspensions were used to calibrate and adjust the
flow cytometer settings when detecting fluorescent signals from stained bacteria. 
Two 1 ml samples of bacterial culture were centrifuged in a MSE Micro
centaur centrifuge at 13,000 rpm for 3 minutes to pellet the cells.
The supernatant was removed and one of the pellets was resuspended in 1
ml of 0.85% NaCl or buffer (live cell suspension) and the other pellet with 1 ml
of 70% isopropyl alcohol (dead cell suspension).




              
 
               
           
  
             
              
  
 
     
              
          
         
                  
      
   
   
  
     
     
                 
            
             
             
           
After one hour incubation the samples were centrifuged as above to form a
pellet.
Both samples were washed twice in 1 ml 0.85% NaCl, each time they were
centrifuged the supernatant was discarded and the pellet was resuspended in
saline.
After washing the pellet was resuspended in 1 ml staining buffer (1.4.1.7).
Control and test samples were also washed twice before resuspending in 1 ml
staining buffer.
3.16 Bacterial suspension and staining
A total of 11 polystyrene tubes (BD Falcon 5 ml) were labelled as follows and
500 µl of bacterial suspension was added to each tube.
1) Staining buffer only (low background to check noise)
2) Mix of live and dead cells (stained): 250 µl live cells + 250 µl dead cells to




6) Control sample (triplicate analysis)
7) Test sample (triplicate analysis)
5 µl of each dye was added to the samples followed by 50 µl of the counting
bead solution (Bead count: 961-984/µl). The two single colour prepared controls: one
live and one dead cell bacterial suspension were stained separately with only TO
and PI respectively to set up the flow cytometer. Samples were vortexed and
incubated for 10 minutes in the dark at room temperature.
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In the FC laser light excitation of TO at 488 nm produced green fluorescence
emission in the range of 590 - 600nm, while excitation of PI at 536nm generated red
fluorescence emission over 600 nm. Viable cells with intact membranes emit green
fluorescence as they are only permeable to TO. In contrast, dead cells with damaged
or permeabilised membranes emit red fluorescence when stained with PI.
Instrument settings/parameters are very important to detect small particles like
bacteria. Initial instrument settings were set according to the manufacturers
recommendations (Alsharif and Godfrey 2002):
A sample of staining buffer without any stains was run through the FC first to
adjust noise in the lower left corner of a SSC versus FSC dot plot. The rest of the
instrumental settings were adjusted accordingly to the stains used (FL1 and FL3 OD
emission, TO and PI) and bacteria employed.
As a defined number of counting beads was added to each test sample (a
known concentration and volume) it was possible to specify the volume of sample to
be measured by specifying the number of bead events per measurement run. Cell
counts were typically acquired after 150 bead acquisition (roughly 3 µl). The mixed
live and dead bacterial suspensions were used to calibrate and adjust the flow
cytometer settings to position regions for counting live cells and beads as shown in
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Figure 27. Green fluorescing TO and red fluorescing PI were positioned at FL1 and
FL3 respectively. The regions show division between live cells in gate R3 and dead
cells in gate R2.
Figure 27 An example dot plot to show FL1 vs FL3 discrimination of bacterial cells
3.17 Data acquisition and analysis
Data was acquired using BD CellQuestTM Pro software in Acquisition-to-Analysis
mode. The fluorescent microsphere beads added to each samples were used as a
reference to determine and define sample volume analyzed. From the known test
volume and the cell counts it was thus possible to calculate the actual cell




         
             
                   
              
           
     
           
            
          
   
          
             
              
               
        
           
           
                 
                 
                
                
           
              
 
3.18 Determination of sensitivity of detection by flow cytometry
A series of experiments was performed to measure the sensitivity of viable cell
detection by flow cytometry. Dilutions of 3, 4, 5 & 6 fold of a 3 hour culture of S.
aureus, E. coli and A. baumannii, P. aeruginosa and MRSA were used for the
assessment (approximately 105 cells/ml down to 102 cells/ml). Staining buffer was
run as a blank.
Spread plating was performed with the samples to establish the relationship
between flow cytometry counts and traditional plate counts. All the samples were
prepared in duplicate and each sample was run in triplicate.
3.19 Fluorescence microscopy
Fluorescence microscopy was used to examine samples of bacteria after
incubation with the impregnated fabrics. The same staining protocol was used as for
the FC experiments with the exception that the counting beads were omitted. For this
piece of work, it was used as a qualitative method to differentiate between live and
dead microbial cells recovered from control and impregnated fabrics. 
Fabrics were inoculated with high bacterial concentration (106 - 107 cells/ml)
and incubated overnight at 37ºC. After incubation, fabrics were carefully dissected
with the help of tweezers and a sharp cutter to get a thin single thread and placed
onto a glass slide. Small volume (5 - 10 µl) of the staining solution was added onto
the fibre. The slide was covered with cover slip and sealed with a nail lacquer. Slides
were kept in dark in a box to avoid photobleaching of the stains and seen under
fluorescence microscope at x200 magnification. Images were saved as TIFF files.
Testing was also done on the fabrics used for ISO plating and flow cytometry.
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3.20 Cytotoxicity studies
3.20.1 Cell culture
Human dermal fibroblast cells (HDF) and human hepatocellular carcinoma
cells (HepG2) were obtained from the European collection of cell cultures (ECCC).
containing 4.5 g/l glucose, 1% glutamine supplemented with 10% foetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 ºC in a humidified atmosphere with
5% CO2. The cells were sub-cultured every 2 days. The cells were washed with PBS
and harvested using 0.25% trypsin. After trypsinization, the cells were counted using
a haemocytometer by adding 20 µl on a slide. After counting and appropriate
dilutions, the cells were seeded at a density of 5.0 x 103 cells/well in a 96 well tissue
culture treated polystyrene plate. Cells were allowed to attach the surface for 24
hours prior to nanoparticles exposure and incubated at 37 ºC (5% CO2).
3.20.2 Cytotoxicity by indirect contact
Fabrics impregnated with ZnO and CuO nanoparticles (both in-situ and TTS
from the pilot scale) were cut down into round discs (~ 3 cm diameter) in order to fit
in the wells of a 6 well plate and sterilized by autoclaving. Control fabrics without any
impregnation were used as a negative control, whereas a 30% v/v solution of
dimethyl sulfoxide (DMSO) prepared in fresh culture medium was used as a toxicity
positive control. Samples with no fabrics were also tested as a further negative
control set.
The fabric samples were placed in contact with 3 ml of
foetal bovine serum (FBS) and incubated at 37 ºC in a humidified atmosphere with
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5% CO2 for 1 and 7 days. Following this, the fabric samples were removed from the
growth media and the leachate solution was collected in universal tubes for use in
the cytotoxicity studies.
For the exposure tests, the growth media from previously seeded cells in the
96 well plates were discarded after 24 hours of incubation. 100 µl of leachate
solution was then added to the 96 well plate and the plates were incubated at 37 ºC
in a humidified atmosphere with 5% CO2 for 24 hours.
3.20.3 MTT assay
The microculture tetrazolium (MTT) assay is a colorimetric assay for
measuring the activity of cellular enzymes and their cell viability. The cellular
enzymes reduce the tetrazolium dye (MTT) to its insoluble formazan product giving a
purple colour. The MTT assay was used to measure the cytotoxicity of ZnO and CuO
NPs to human cell lines. In brief, 5 ×103 cells/well were seeded in 96 well plates and
exposed to the prepared leachate (section 3.20.2) and incubated at 37 ºC in a
humidified atmosphere of 5% CO2 for 24 hours. After 24 hours exposure time, 100 µl
of MTT solution was added to each well and incubated at 37 ºC in a humidified
atmosphere of 5% CO2 for 3 hours until a purple coloured formazan product
developed. At the end of incubation, medium was removed from each well to avoid
interference from the nanoparticles and 100 µl of DMSO was added to each well to
lyse the cells. The plate was then left for 5 minutes before the absorbance was




            
           
               
          
              
















Statistical analysis was carried out using the analysis tool pack provided with
Microsoft Excel 2010. The antibacterial activity of impregnated fabrics was compared
with control fabrics using analysis of variance (ANOVA) and t-test at an alpha level of
s used to test for significant differences in multiple comparisons
and t-test was used to compare the means of two different samples, treatments or
groups to see if they were statistically different from each other.
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4 Results and Discussion
The main objective of this study was to assess the antibacterial activity of ZnO
and CuO fabrics against a selection of Gram positive and Gram negative bacteria.
The fabric substrates were impregnated with ZnO and CuO nanoparticles using the
sonochemical process developed by BIU, Israel (Abramov et al. 2009). Following the
impregnation, the fabrics were evaluated qualitatively and quantitatively as per the
methods described in the previous chapter. In order to assist with the optimisation of
the industrial scale process from the laboratory scale, the testing was divided into
two phases:
i. Testing of the cotton fabrics prepared at lab scale
ii. Testing of two sets of polyester/cotton pilot CuO fabrics (in-situ and TTS)
prepared at Klopman and Davo at an industrial scale
4.1 Testing of lab scale ZnO and CuO impregnated cotton fabrics
The evaluation of the antibacterial efficacy of impregnated fabrics was carried
out as per the absorption method from ISO 20743, disc diffusion method and shake
flask method. ZnO and CuO impregnated fabrics were prepared at the laboratory
scale using a sonochemical system at BIU (process described in methodology
section) (Abramov et al. 2009). The concentration of ZnO and CuO on the fabrics as
determined by ICP was 0.39% and 0.51% w/w of fabric respectively.
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4.1.1 Antibacterial efficacy testing of lab scale ZnO and CuO cotton fabrics
using the absorption method from ISO 20743:2007 
Table 6 reports the viable bacterial counts recovered from the ZnO
impregnated fabrics after 24 ± 3 hours of contact time against S. aureus, E. coli, A.
baumannii, P. aeruginosa and K. pneumoniae. As shown in Figure 28, the control
samples supported bacterial growth and as expected did not cause any bacterial kill
during the 24 ± 3 hour contact incubation. P. aeruginosa was the most susceptible
bacteria with ZnO impregnated fabrics showing a full kill on the fabric surface with an
antibacterial A value of 7.97. The ZnO cotton also showed activity against S. aureus
(A = 3.66), E. coli (A = 2.94), A. baumannii (A = 2.73) and K. pneumoniae (A = 2.41).
Thus, all the bacterial species tested showed an antibacterial value A > 2, as
calculated by the formula from ISO 20743 standard (Equation 2). As per the
guidelines published by Hohenstein Institute regarding antibacterial activity values,
an antibacterial A value of > 2 is considered as significant antibacterial activity
(Hoefer and Hammer 2011). The antibacterial A value is associated with growth
reduction. Growth reduction is the difference in the number of bacteria on the test
fabrics compared to the control fabrics after incubation. On the control fabrics, the
number of viable bacteria should increase during the incubation. If the test fabrics
have antibacterial activity, then the number of viable bacteria on them post
incubation should be less than the number of viable bacteria on the control fabrics.
An A value of 2 represents a 2 log difference in these numbers. 
Differences in the levels of antibacterial activity between the bacterial species
can also be described in terms of percentage reduction value (Table 6). Percentage
reduction shows the difference in the number of bacteria recovered from the control
sample immediately after inoculation compared to the number of bacteria recovered
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from the impregnated test fabric after incubation (Equation 3). The percentage
reduction gives an indication of nature of the antibacterial activity. If there is a large
reduction in the number of viable cells compared to the initial inoculum, then the
action is likely to be bactericidal. If there is only inhibition of growth, or a limited
reduction in numbers then the activity is bacteriostatic. The criteria used with the
absorption method for the classification of antibacterial fabrics do not distinguish
between bacteriostatic and bactericidal activity. In terms of percentage reduction P.
aeruginosa reduced bacterial growth by > 99.9% followed by S.aureus (99.77%), A.
baumannii (72.22%) and K. pneumoniae (61.29%). E. coli was the least susceptible
bacterial species showing only a 4.12% reduction in viable cell numbers.
These results demonstrate that the method of calculating antibacterial activity
should be considered when interpreting the results. Even though the antibacterial A
value suggested that E. coli possessed a significant antibacterial activity (A = 2.94),
the percentage reduction values have shown that the fabrics have reduced viable
cell numbers by only 4.12%. Hence, percentage reductions should also be
considered alongside growth reduction and antibacterial A values.
In the case of E. coli, the antibacterial A value actually showed that the ZnO
fabrics inhibited growth with very little bactericidal activity (4.12% reduction).
Whereas, in the case of P. aeruginosa, there was significant bactericidal activity (>
99.9% reduction) and consequently a high A value. In the textile industry there are
currently no guidelines stating that fabrics should possess bactericidal activity (Rio et
al. 2012). Instead growth inhibition is taken as an indication of efficacy (Hoefer and
Hammer 2011). This should be taken into account when considering end user




             
           
            
             
             
            
              
           
           
              
            
              
              
          
           
        
            
           
          
            
            
           
   
A study by Perelshtein et al. (2009) showed that bandages coated with ZnO
nanoparticles released Zn2+ ions into the surrounding medium and also generated
reactive oxygen species (ROS); these play an important role in the antibacterial
activity of ZnO. Their results showed that cotton fabrics impregnated with 0.75% w/w
ZnO exhibited bactericidal activity for S. aureus and E. coli. The researchers also
showed that the antibacterial activity of ZnO fabrics was greater with Gram positive
S. aureus than with Gram negative E. coli. The results matched with our results
above, where lab scale cotton impregnated with 0.39% w/w ZnO displayed
antibacterial activity against all the bacterial species tested. The activity was greater
with S. aureus than with E. coli. These results suggest that the antibacterial activity
of ZnO fabrics might be concentration dependant i.e. the higher the concentrations
better the activity. As stated above, the ZnO concentration used on the lab scale
cotton fabrics was lower than the concentration used by Perelshtein et al. (2009) in
their studies. Mirhosseini and Firouzabadi (2013) also claimed that higher
concentrations of ZnO treatments are capable of producing a bactericidal effect,
whereas lower ZnO concentrations only supress bacterial growth.
Yamamoto et al. (2000) stated that the presence of reactive oxygen species
(ROS) generated by ZnO nanoparticles is responsible for their bactericidal activity.
Padmavathy and Vijayaraghavan (2008) further elucidated the bactericidal activity of
ZnO nanoparticles. According to them, once hydrogen peroxide is generated by ZnO
nanoparticles, the nanoparticles remains in contact with the dead bacteria to prevent




























































































































































































































































































































































































































































































































































































































































































            
               
            
                
                 
           
 
 
   




   




   




   




   
                      
(A) S. aureus + ZnO 
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(B) E. coli + ZnO Ref 
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Figure 28 Antibacterial assessment of lab scale ZnO impregnated fabrics against (A)
S. aureus, (B) E. coli, (C) A. baumannii, (D) P. aeruginosa and (E) K. pneumoniae by
the absorption method (ISO 20743). Fabrics were spiked with known concentration (1
- 3 x 105 CFU/ml in dilute NB) of bacteria. The number of viable bacteria recovered
from control fabrics (red bars) and test fabrics (blue bars) at 0 hours and after 24 ± 3
hours was determined and calculated. Mean ± SD, n = 3
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Table 7 reports the antibacterial activity of the CuO NPs on the cotton fabrics
as determined using the absorption method. The number of viable bacteria
recovered from control fabrics (blue bars) and impregnated fabrics (red bars) at 0
hours and after 24 ± 3 hours was determined (Figure 29). According to the
antibacterial A values, CuO impregnated fabrics possessed a significant antibacterial
activity against all the five bacterial species tested. E. coli was the most susceptible
bacterial species (A = 4.64) followed by P. aeruginosa (A = 3.84), A. baumannii (A =
3.14), S. aureus (A = 2.96) and K. pneumoniae (A = 2.92).
Comparing the results of ZnO and CuO fabrics; the CuO fabrics exhibited
greater antibacterial activity than the ZnO fabrics. In terms of percentage reductions,
all the bacterial species showed a minimum of 64% bacterial reduction on the CuO
fabric surface showing a significant bactericidal activity. The results with CuO fabric
showed that E. coli was the most susceptible and K. pneumonia was the least
susceptible. Whereas, the ZnO results showed that P. aeruginosa was the most
susceptible bacteria and E. coli was the least susceptible. These results suggest that
there are species specific differences in the susceptibility of bacteria to ZnO and
CuO. Azam et al. (2012) in their studies demonstrated that the antibacterial
properties of ZnO, CuO and Fe2O2 nanoparticles varied with species. Graves (2014)
in their review also claimed that bacteria respond differently to different metal oxide
nanoparticles.
CuO NPs are effective in killing a wide variety of bacterial species involved in
hospital acquired infections (Borkow and Gabbay 2009, Borkow, Okon-Levy and
Gabbay 2010, Gabbay et al. 2006, Ravishankar Rai and Jamuna Bai 2011, Shaffiey
et al. 2014). Perelshtein et al. (2009b), in their study synthesized and impregnated
CuO NPs on cotton fabrics using sonochemical irradiation. They showed that a 1%
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w/w concentration of CuO nanoparticles on fabrics exhibited bactericidal activity
against E. coli and S. aureus. Our results above have shown that even lower
concentration of CuO on cotton fabrics (0.51% w/w) were able to kill a selection of
Gram positive and Gram negative bacteria. Abramov et al. (2009), in their studies
found that 0.65 wt. % of CuO resulted in > 90% reduction in E. coli growth within 2
hours. Antibacterial results reported by Ahamed et al. (2014) matched well with our
results. They analysed the antibacterial activity of CuO NPs and found E. coli to be
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Figure 29 Antibacterial assessment of lab scale CuO impregnated fabrics against (A)
S. aureus, (B) E. coli, (C) A. baumannii, (D) P.aeruginosa and (E) K. pneumoniae by the
absorption method from ISO 20743. Fabrics were spiked with a known concentration
(1 - 3 x 105 CFU/ml in dilute NB) of bacteria and tested for their antibacterial efficacy.
The number of viable bacteria recovered from control fabrics (blue bars) and
impregnated fabrics (red bars) at 0 hours and after 24 ± 3 hours was determined and
calculated. Mean ± SD, n = 3
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Overall, the absorption results showed that both ZnO and CuO fabrics are
antibacterial against the Gram positive and Gram negative bacteria tested. Apart
from the lower antibacterial activity shown by ZnO fabrics against E. coli (4.12%
reduction), both the fabrics types (ZnO and CuO) showed bactericidal activity against
all the bacterial species tested (> 60% reduction).
These fabrics are intended for use in hospitals as part of the infection
prevention control strategy. Even if the fabrics are not necessarily bactericidal, they
can still be effective in reducing cross contamination within the hospital settings by
reducing bacterial growth.
4.1.2 Antibacterial activity of PEC fabrics coated with silver and triclosan
PEC fabrics coated with silver and triclosan were tested to compare the level of
activity with the ZnO and CuO fabrics. Silver and triclosan were applied to the fabrics
using a conventional pad-dry-cure method. One of the project partners supplied the
fabrics but did not provide any further details regarding the concentrations of the
coatings or the exact chemical formulations used. Polyester cotton fabrics (65/35 or
60/40%) coated with silver or triclosan were tested to determine their antibacterial
activity against E. coli and S. aureus. The results presented in Figure 30 show an
excellent antibacterial activity for silver and triclosan coated on polyester cotton
fabrics. Both silver and triclosan fabrics showed a full bacterial kill on their surface (>
99.9% reduction). A limit of detection of 100 CFU/ml was recorded on graphs for
silver and triclosan fabrics due to the dilution steps involved in the testing. Here silver




             
                  
                  
 
           
              
              
         
Figure 30 Antibacterial activity of PEC fabrics coated with silver and triclosan against
(A) & (C) E. coli and (B) & (D) S. aureus. Silver and triclosan fabrics showed a full
bacterial kill. Hence 100 cells were taken as limit of detection (LOD). Mean ± SD, n = 3
Testing was also performed with 60/40% polyester cotton fabrics coated with
silver and triclosan against K. pneumoniae. The addition of triclosan or silver to the
fabric surfaces resulted in a complete kill of K. pneumoniae (> 99.9% reduction) after




            
             
        
               
            
             
           
            
           
               
              
           
           
           
               
             

































Figure 31 Antibacterial activity of 60/40% polyester cotton fabrics coated with silver
and triclosan tested against K. pneumoniae. Silver and triclosan fabrics showed a full
bacterial kill. Mean ± SD, n = 3
From the absorption results shown in Table 8, it is clear that the Ag and
triclosan coated fabrics have high levels of antibacterial activity as compared to
fabrics impregnated with ZnO and CuO NPs. Even though, Ag and triclosan display
greater antibacterial activity compared to ZnO and CuO; the biological and
environmental impacts of their excess usage is a concern (Windler, Height and
Nowack 2013). Consumer products containing Ag and triclosan have been produced
on a huge scale and hence, the release of these agents into the environment has
become a serious issue of concern. The textile industry has relied heavily on these
agents for the production of antibacterial fabrics. The laundering of antibacterial
textiles could release large amounts of these agents into the environment
(Adolfsson-Erici et al. 2002, Benn and Westerhoff 2008, Geranio, Heuberger and
Nowack 2009, Orvos et al. 2002). Concerns over the toxicity of silver and triclosan to
humans and their effects on other species in our environment have prompted a
demand for eco-friendly coatings. As well as processes that could substitute for toxic
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chemicals used in textile coatings. Recent studies have also highlighted concerns
over the development of bacterial resistance to silver (Percival, Bowler and Russell
2005).
The main motive behind this study was to use inorganic metal oxide based
NPs (ZnO and CuO) that could exhibit good antimicrobial properties on fabrics with
minimal to no toxic effects. Even though the antibacterial activity of Ag and triclosan
were better than ZnO and CuO, the SONO fabrics exhibited a significant
antibacterial activity (Table 8). The ZnO and CuO were synthesized and impregnated
on fabric substrates using green technology (ultrasound) with minimal use of toxic
chemicals. The solutions used in this project were all aqueous solutions and the
concentrations of the precursors were relatively low. The inorganic salts used were
more stable than organic antibacterials such as triclosan. A further advantage of
using ZnO and CuO was their lower cost compared to silver.
Table 8 Comparison of the antibacterial A value of ZnO and CuO impregnated fabrics




































K. pneumoniae 2.41 2.92 8.02 N/T 7.92 N/T
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4.1.3 Assessment of the wash durability of ZnO, CuO, silver and triclosan
fabrics in terms of antibacterial activity 
During the course of the SONO project a number of tests were carried out to
assess the wash durability of the antibacterial impregnations. The washing was
carried out at the National Institute for Textile and Leather Research (NIT) in
Bucharest, Romania. Fabric samples were washed according to the methodology
described in ISO 6330 for 10 cycles without detergent (Din 2012). Cotton fabrics
were washed at 92°C and polyester cotton mix fabrics were washed at a
temperature of 75°C. Following washing, fabric samples were autoclaved and tested
according to the absorption method from ISO 20743.
Table 9 shows the antibacterial activity values for a range of washed
antibacterial fabrics against E. coli. In general, all the washed fabrics showed a
reduced antibacterial activity compared to the unwashed fabrics (Figure 32). The
60/40 PEC mix fabric coated with triclosan showed the strongest antibacterial activity
(A = 3.99), much higher in fact than the 65/35 PEC mix coated with triclosan (A =
0.42). The antibacterial activity of the other coated fabrics decreased to low levels
after washing (A <1). Although silver and triclosan fabrics showed bactericidal
activity with unwashed fabrics, their antibacterial activity decreased significantly due
to loss of coatings from the fabric surface post washing. This shows that the coatings
are not durable to laundering. et al. (2009) reported quite similar results showing
that fabrics coated with silver NPs from a 10 ppm colloid exhibited poor laundering
durability and lost all their coating after the second wash cycle. They claimed that
higher concentrated colloids (50 ppm) should be applied to fabrics in order to obtain
long term durability. Benn and Westerhoff (2008) investigated leaching of silver from
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commercial socks into water. They tested six types of different socks and showed
that all the socks lost almost all of their silver by the 4th wash.
Table 9 Antibacterial activity values (A) of fabrics after 10 wash cycles at 92°C (cotton)







ZnO cotton 1.14 2.94
CuO cotton 0.73 4.64
60/40 PEC silver 0.82 8.85
65/35 PEC silver 0.23 8.82
60/40 PEC triclosan 3.99 7.46
65/35 PEC triclosan 0.42 7.70
E. coli
10 
Pre Wash 9 









W/ZnO W/CuO 60/40 WAg 65/35 WAg 60/40 Wtric 65/35 Wtric 
Fabric type
Figure 32 Antibacterial activity values of different fabrics against E. coli after 10 wash


















         
              
          
         
             
           
              
            
         
              
               
            
              
               
          
               
       
           
              
     
4.1.4 Enzymatic pre-treatment of cotton prior to ZnO impregnation
As part of the SONO project work a group at the University of Catalonia
(UPC), Spain, investigated some other methods for improving the antibacterial
impregnations. These included enzyme pre-treatment of cotton with cellulase
(Cellusoft®APL) and the addition of chitosan and BTCA to the metal oxide NPs
impregnation. The enzyme cellulase partially breaks down the cellulose surface and
creates extra free hydroxyl groups on the surface of fibres which may act as
nucleation sites for the NPs. SEM analysis showed that cellulose treatment resulted
in smaller sized nanoparticles with improved adhesion (Perelshtein et al. 2012). 
In other work at UPC, butane tetra carboxylic acid (BTCA) was used to covalently
attach the chitosan to the cotton substrate. Chitosan and ZnO or CuO were used in
combination to enhance the antibacterial activity of the fabrics. Chitosan (1% w/v
15kDa) was applied to the fabrics using a pad-dry-cure method with 5 minutes at
70°C or 2 minutes at 160°C. It was also found that ultrasound increased the amount
of chitosan absorbed onto cotton fabrics (Petkova et al. 2014).
As shown in Figure 33, incubation for 24 ± 3 hours with the combination of
ZnO impregnated fabrics pre-treated with enzyme, chitosan a 
The work with BTCA was not continued in the project because
it was found that the BTCA treatment had a deleterious effect on the physical




          
               
            
            
       
            
            
              




The comparative durability to laundering of the ZnO and combined
impregnations on cotton fabric substrates is illustrated in Figure 33. In the case of A.
baumannii, the washing resulted in a complete loss of antibacterial activity. ZnO
impregnated fabrics lost their antibacterial activity when subjected to 10 washes at
92°C. ZnO fabrics in combination with chitosan
after 10 laundry cycles at 92°C. The inclusion of covalent linker BTCA
did not improve the wash stability compared to the ZnO/chitosan without BTCA. This
suggests that the BTCA cross linking of chitosan in the cotton was actually not




             
            
             
           
              
  
              
              
           
          
                
             
               
              
              
             











































Figure 33 Antibacterial activity of modified cotton fabrics impregnated with ZnO NPs
against A. baumannii. Fabrics were also compared against washed fabrics to monitor
the effect of pre-treatment on the stability of fabrics. Enz cellulose enzyme pre-
treatment, Chit chitosan, BTCA covalent linker butane tetracarboxylic acid
4.1.5 Antibacterial activity testing of lab scale ZnO and CuO fabrics by a disc
diffusion method
One of the methods used to investigate the ability of the antibacterial agent to
inhibit bacterial growth was a disc diffusion method. Figure 34 shows the zones of
inhibition for the cotton fabric substrates impregnated with ZnO and CuO
nanoparticles against three different bacterial species. Samples of the impregnated
and control cotton fabrics were cut in to discs (10 mm) and incubated with the test
bacteria spread on the surface of Isosensitest agar plates. The diameters of the
zones of inhibition around the discs are presented in Table 10. In Figure 34 clear
zones of inhibition (ZOI) are visible around the ZnO and CuO treated fabric discs
whereas the control fabric disc did not show any sign of inhibition. Both the
impregnations showed a similar pattern of activity against the three test strains. Both
the ZnO and CuO nanoparticles inhibited the growth of E. coli and S. aureus. The
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ZOI for S. aureus was 18 - 19 mm for both the fabrics and the ZOI for E. coli was 13
- 15 mm for both fabrics. There was no visible activity against A. baumannii.
In contrast to the absorption testing, the disc diffusion results showed that the
ZnO and CuO fabrics were not active against A. baumannii. The differences in
activity observed between the results may relate to differences in the test conditions.
In the absorption method the bacteria is inoculated straight on to the test fabrics.
Thus during incubation, the bacteria come into direct contact with the NPs attached
to the fabric fibres. The bacterial inoculum also contains a much lower concentration
of nutrients compared to the nutrient agar surface.
In the disc diffusion test, as the NPs are firmly attached to the fabrics direct
interaction between the metal oxides and the bacteria should only play a minor role
in the antibacterial activity. The zone of inhibition must instead be due to the diffusion
of some antibacterial agent from the impregnated fabrics through the agarose gels.
These diffusing agents could be zinc or copper ions released from the NPs or they
could be reactive oxygen species (ROS) produced by the NPs (Padmavathy and
Vijayaraghavan 2008).
Both zinc and copper ions have antibacterial activity (Chohan, Supuran and
Scozzafava 2004, Top and Ülkü 2004, You and Zhu 2004). ZnO and CuO have a
low solubility in neutral aqueous solutions but have been observed to be more
soluble in nutrient media (see section 4.2.5.2 for ICP data). During the incubation
phase of the disc diffusion test, the brown CuO samples lost their colour indicating
the loss of CuO by dissolution into the agar. The ZnO impregnation did not change
the colour of the fabrics and so it was not possible to see whether it too was
dissolved into the agar.
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The difference in the susceptibility of the 3 species to the impregnated fabrics
in these tests could be due to differences in the structure of their outer walls. The
double membrane structure of the Gram negatives, E. coli and A. baumannii may
provide an extra layer of protection against the diffusing antibacterial agents
compared to the Gram positive outer wall and single membrane of S. aureus. The
disc diffusion results with A. baumannii may be due to it being less susceptible to the
activity of the free copper or zinc ions than it is to direct contact with the NPs. Further
experiments would be needed to confirm this.
The disc diffusion method of Kirby and Bauer is convenient in respect that the
susceptibility of bacterial pathogens to antimicrobial agents can be determined in a
single assay. The method is qualitative, simple to perform and suitable for testing a
large number of samples in a short time. However, the results do not give an
indication of minimum inhibitory concentration, minimum bactericidal concentration
or minimum biofilm eradication concentration (MIC, MBC and MBEC) values. Also
this method is not reliable when comparing the relative efficiency of one antimicrobial
to another. This is because the diffusion rate of antimicrobials through the agar
depends upon the type of antimicrobial agent used and some antimicrobials do not
diffuse at all (Swofford 2010, Varesano et al. 2011). Many researchers have used
non-bound antimicrobials on fabrics and evaluated their antibacterial activity by a
disc diffusion method. Rajendra et al. (2010) and Yadav et al. (2006) prepared ZnO
NPs by wet chemical method and coated cotton fabrics using a pad dry cure method.
The antibacterial activity was evaluated using disc diffusion method.
Here, the ZnO and CuO NPs were impregnated into the fibres and the disc
diffusion method should not be suitable for assessing antibacterial activity. The
results did indicate leaching of the antibacterial activity into the agar in some cases,
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but the activity from the disc diffusion test did not match the activity found with the
absorption testing. So, this method would not be a suitable rapid alternative to the
absorption method for checking the activity of these types of fabrics.
Table 10 Antibacterial assessment in terms of zone of inhibition for ZnO and CuO
cotton fabrics by disc diffusion method
Fabrics Organism
1 2












A. baumannii 0 0 0 
S. aureus 18 18 18
CuO E. coli 14 15 14.5
A. baumannii 0 0 0 
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Figure 34 Disc diffusion plates showing the antibacterial activity of ZnO & CuO
impregnated cotton against (A) E. coli, (B) S. aureus & (C) A. baumannii. The fabrics
were cut down into round discs to be used on Isosensitest agar. ZnO fabrics
impregnated with zinc oxide nanoparticles; CuO fabrics impregnated with copper
oxide nanoparticles; Control plain cotton fabric
4.1.6 Shake flask testing to assess the antibacterial activity of lab scale ZnO
and CuO fabrics
The antibacterial efficacy of the ZnO and the CuO impregnated cotton was
also determined using two shake flask methods; one with nutrient broth as the
medium, and the second with saline as the medium.
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4.1.6.1 Shake flask test in nutrient broth
In the case of the nutrient broth test, bacterial growth was monitored by
measuring the absorbance of the medium over time. The microbial growth reduction
with the ZnO impregnated fabrics against all the three species of bacteria is shown in
Table 11. Figure 35 shows the change in absorbance over time for the fabrics tested
against the three bacterial species. A significant antibacterial activity was seen
against S. aureus and E. coli compared to an intermediate effect against A.
baumannii. This is a similar trend to that observed with the disc diffusion tests. The
lower activity observed against A. baumannii may again relate to the use of nutrient
media during the incubation of bacteria with the ZnO. In nutrient medium it was
observed that the NPs were dissolved leaving the fabrics colourless. So with the
nutrient medium tests the bacteria were exposed to dissolved copper or zinc ions
rather than the intact NPs.
It was observed that there was 99.87% growth reduction with ZnO
impregnated fabric against S. aureus followed by a 99.82% reduction in growth
against E. coli. A. baumannii was the least susceptible bacterial strain with ZnO
impregnated fabric showing just 56.43% reduction in bacterial growth after 24 ± 3
hours contact time.
The results from CuO impregnated fabrics are not presented here. In the case
of CuO fabrics, leaching of copper from the fabrics into nutrient broth was observed
through a change in the colour of the solution. The colour change affected the
absorbance measurements of the medium resulting in inaccurate absorbance
readings.
The dynamic shake flask method was developed for routine quality control
and screening tests to overcome difficulties in using conventional antimicrobial test
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methods; such as ensuring proper contact of the inoculums with the treated surface
(ASTM 2010). This variant of the shake flask method is quicker to perform due to the
use of absorbance measurements to monitor bacterial growth. It gives an indication
of bacterial efficiency within hours where as it takes at least 2 days to get the results
by conventional plating methods.
Table 11 Shake flask results on lab scale fabrics in terms of percentage growth
reduction in absorbance. Absorbance measurements at 660 nm for suspension after 3
and 24 hours
Test Organism














S. aureus 0.022 0.001 97.24 1.670 0.002 99.87 
E. coli 0.077 0.010 86.62 2.113 0.004 99.82 




              
                 
    
            
              
               
          
         
           
              
             
            
Figure 35 Change in absorbance over time (3 hours) for nutrient broth shake flask
tests against (A) S. aureus, (B) E. coli and (C) A. baumannii. Values plotted are mean ±
SD, n = (3)
Absorbance measurements are not very accurate at low levels (<0.01) and at
high levels (>1.0) and can only be used to approximate the number of viable
bacteria. Even though they are not very accurate, they do allow for a rapid estimate
of cell numbers. Absorbance measurements (turbidity or optical density) are
commonly used for minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) testing. Although this method was quite fast and
simple, it was more susceptible to contamination due to the high levels of nutrients
during incubation. It was also observed that leaching of the copper content in to
nutrient medium resulted in a change in the colour of the solution.
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4.1.6.2 Shake flask test in saline
A shake flask method was also performed with saline rather than nutrient
broth. This method is closer to the standard dynamic shake flask method (ASTM
2010) in that no nutrient source was added. In this method bacterial growth is much
slower and so absorbance measurements were not suitable for monitoring bacterial
numbers. Instead standard agar plate counting was used. The results from these
tests are shown in Figure 36. A bactericidal activity was observed for both the
impregnated fabrics (ZnO and CuO) against all three bacterial strains. ZnO and CuO
nanoparticles reduced bacterial numbers to undetectable levels within 3 hours of
contact time in all three experiments.
Figure 36 also shows that the control fabric inhibited the growth of S. aureus.
This might be due to some chemical agents or residues left over on the fabric
surface from the pre-finishing stage. In other tests (absorption method) this inhibition
was found to be removed by rinsing the cotton in boiling water prior to use. The
actual cause of the inhibition has not been identified but was specific to S. aureus. 
One of the aims of the shake flasks test was to determine whether the test
method is suitable for demonstrating antibacterial activity by comparing it with
absorption testing. As seen from the results, ZnO and CuO impregnated fabrics
showed a complete inhibition of bacterial growth within 3 hours of inoculation. These
results match to a certain degree the results from the absorption tests. The
absorption test results from the fabrics showed a significant antibacterial activity, but
not the full kill observed with the shake flask saline tests. These differences in the
results are due to the differences in the experimental conditions in which the fabrics
were tested. Although both methods showed slightly different levels of activity, they
both indicated that the ZnO and CuO fabrics possess a significant antibacterial
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activity. The results from the shake flask tests do agree better with the absorption
testing results than the disc diffusion tests. Shake flask tests could be seen as a
viable alternative to the absorption test for rapid antibacterial efficacy assessment.
However, they may not give a reliable indication of activity under real use conditions. 
The dynamic shake flask method was developed for routine quality control
and screening tests in order to overcome difficulties in using absorption test method;
such as ensuring proper contact of inoculums to treated surface (Anon 2010a).
There are both advantages and disadvantages to the different shake flask methods.
The saline method is less susceptible to contamination than the nutrient broth
method because of the lack of nutrients and consequently slower growth. The saline
method more closely resembles actual working conditions where in most cases
nutrients will be in short supply. However, it is more time consuming due to the need
for standard agar plating to enumerate bacterial numbers. The nutrient broth method
is similar to MIC and MBC test methods in the use of a nutrient medium. Growth
inhibition is assessed under conditions that are highly favourable to growth (nutrients
available). Though the high level of nutrients in the medium tends to dissolve the
NPs and thus alters the nature of the antibacterial agents (NPs to ions).
From a practical perspective, Swofford (2010) recommends that that the
shake flask results should not be compared to other quantitative methods due to the
experimental conditions. In the shake saline method a piece of fabric is immersed in
a relatively large volume of fluid with samples being taken from the fluid rather than
the fabric surface; this does not reflect real time use conditions. As a result the shake
flask test is not widely accepted as an indicator of efficiency (Swofford 2010). In the
absorption test from ISO 20743:2007, a small volume of inoculum is absorbed on to
the test fabrics, mimicking contamination and wear in working conditions. However,
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our results suggest that the shake flask method could be used in conjunction with
absorption 20743 method as a confirmatory test for antibacterial efficacy testing. 
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Figure 36 Antibacterial efficiency of ZnO and CuO impregnated fabrics against
different bacteria using a saline shake flask test method. Graphs A, B and C are the
results with ZnO cotton and graphs D, E and F are the results from CuO cotton.
Values shown are mean ± SD, n = 3
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4.1.7 Determination of minimum inhibitory concentration of lab scale fabrics
in terms of sample size 
In these experiments the antibacterial activity of different sized fabric samples
were compared using a shake flask type method. The main aim of this experiment
was to investigate the minimum amount of ZnO or CuO NPs impregnated fabrics
required for bacterial inhibition.
Ideally assessment of the minimum inhibitory concentration of the
antibacterial agent would be carried out using a solution or suspension of the agent.
Here, the ZnO and CuO NPs were impregnated into the fabric and so different sized
samples were used to vary the concentration of the agent in the test. As the actual
concentration of NPs on the fabrics was known, the amount of NPs present on each
fabric size was easily calculated.
For testing the fabrics were cut down to 4 sizes; 2.5 x 1 cm, 2.5 x 2 cm, 2.5 x
4 cm, 2.5 x 8 cm. The amount of Zn and Cu on each sample was calculated as
follows:
Cotton fabric weight = 250 g/m2 
1 cm2 of fabric weighs 0.025g = 25 mg
0.39% w/w ZnO equal to 0.39 x (0.025/100) g = 0.0975 mg of ZnO per cm2 
2.5 x 1 cm = 2.5 cm2 = 0.0975 x 2.5 = 0.244 mg ZnO in the tube (divide by
volume to give a concentration in mg/ml for example 10 ml of saline = 0.0244
mg/ml ZnO)
2.5 x 2 cm = 5 cm2 = 0.0975 x 5 = 0.49 mg ZnO
2.5 x 4 cm = 10 cm2 = 0.98 mg ZnO
2.5 x 8 cm = 20 cm2 = 1.95 mg ZnO
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0.51% w/w CuO equal to 0.51 x (0.025/100) g = 0.128 mg of CuO per cm2 
2.5 x 1 cm = 2.5 cm2 = 0.128 x 2.5 = 0.32 mg CuO in the tube (divide by
volume to give a concentration in mg/ml (10 ml of saline) = 0.032 mg/ml CuO)
2.5 x 2 cm = 5 cm2 = 0.128 x 5 = 0.64 mg CuO
2.5 x 4 cm = 10 cm2 = 1.28 mg CuO
2.5 x 8 cm = 20 cm2 = 2.56 mg CuO
Different sized pieces of fabrics were challenged with bacterial suspensions in
nutrient broth rather than saline and the antibacterial activity was assessed by
measuring the absorbance at 660 nm after 24 hours. The results in Figure 37
showed that all the fabric sizes of ZnO and CuO fabrics inhibited the three bacterial
strains to some degree. The ZnO impregnated fabrics showed an excellent
antibacterial activity against E. coli and S. aureus. The results showed that 24 µg/ml
of ZnO was enough to inhibit E. coli, S. aureus and A. baumannii growth. The growth
inhibition increased with increasing fabric size, showing a full kill with the largest
fabric size for E. coli and S. aureus. In the case of CuO fabrics, 32 µg/ml of CuO
effectively inhibited the growth of E. coli, S. aureus and A. baumannii. However,
even the largest fabric size (256 µg/ml) was not enough to kill all the bacteria. A
similar observation was reported by Jafari et al. (2011). They looked at the MIC of
ZnO and CuO nanoparticles for E. coli, S. aureus and other bacteria by measuring
absorbance values at 600 nm. The results showed that 64 µg/ml of ZnO and 420
µg/ml of CuO effectively inhibited the growth of E. coli and S. aureus. 
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Figure 37 Absorbance (OD) values after 24 hours incubation at 37 ºC by different sized
pieces of cotton fabrics impregnated with ZnO and CuO nanoparticles against (A) E.
coli, (B) S. aureus and (C) A. baumannii. Tests were performed in nutrient broth. Mean
± SD, n = 3
4.1.8 ICP analysis of lab scale fabrics to measure the amount of zinc and
copper on fabrics and in leachates
A series of experiments were conducted to determine the leaching of copper
ions or/and copper oxide nanoparticles and zinc ions or/and zinc oxide nanoparticles
from the cotton fabrics into saline solution. The objective was to look at the amount
of Zn and Cu leaching in saline and also to assess whether the leaching plays any
part in the antibacterial activity.
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The impregnated fabrics were immersed in 20 ml of sterile saline solution and
subjected to incubation in a rotary shaking incubator at 37 °C ± 3 ºC and 110 RPM for
3 hours. The concentration of metal ions (Zn and Cu) in the leachate solutions was
determined by inductively coupled plasma analysis (ICP). Antibacterial testing was
done by a shake saline method using the sterile leachate solution without any fabric.
A detailed description of the method used is given in the methodology section (3.11).
For ICP analysis, two different measurements were carried out:
I. Total concentration of the metals (Zn and Cu) on the fabric (total digestion
with 0.5 M HNO3)
II. Concentration of metals (Zn and Cu) in the leachate solution (3 hours shaking
in a saline solution at 37 °C).
The graphs in Figure 38 show the amounts of zinc and copper on the cotton
SONO fabrics and the amounts removed from the fabrics in to saline solution. Very
low concentrations of copper ions were leached as compared to zinc ions. As shown
in Table 12, 2.5% of the copper and 13.2% of the zinc was removed from the test
fabrics into the saline solution. Further experiments were conducted to determine
whether the amount of leached zinc and copper content in saline solution were
enough to inhibit bacterial growth (Section 4.1.8.1).
In some of the antibacterial activity experiments it was observed that control
fabrics possess some antibacterial activity. One of the aims of the leaching
experiments was to see if there was any Zn or Cu on reference cotton control
fabrics. ICP analysis showed a very low concentration of Zn and Cu on the reference
fabrics. The data is not presented in the graphs due to very low levels. Results
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showed that 0.005 ppm of Zn and 0.003 ppm of Cu was recovered from control
fabrics.











ZnO 97.45 13.19 13.53
CuO 126.9 3.17 2.50
Figure 38 (A) Total concentration of Zn and Cu on the cotton fabrics and (B)
concentration of metals leached in the saline leachate solution. Mean ± SD, n = 3 
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4.1.8.1 Antibacterial activity of Zn and Cu ions by shake flask method 
To assess the influence of zinc and copper ions on the antibacterial effect, a
shake saline method was performed with the leached supernatant saline solution
instead of the impregnated fabric. The number of viable cells after incubation was
obtained by spread plating serial dilutions on nutrient agar plates at 0, 3 and 24
hours.
After incubation, no bacterial inhibition was observed with the copper solution
when challenged against S. aureus, E. coli and A. baumannnii (Figure 39). These
results indicated that the copper ions at this concentration have no influence on the
antibacterial activity. A more important issue may be to investigate shedding of CuO
nanoparticles. This would require experiments such as dynamic light scattering
(DLS) and transmission electron microscopy (TEM). A recent study by Perelshtein et
al. (2009b) revealed that CuO nanoparticles were not present in the leaching
solution. ICP and SEM studies showed a strong, durable deposition of CuO
nanoparticles on the fabric surface by the sonochemical method (Perelshtein et al.
2009b, Perelshtein et al. 2013).
In the case of the zinc solution, the antibacterial behaviour was totally different
from the copper solution. The zinc content leached in to the saline solution was
enough to inhibit bacterial growth for S. aureus, E. coli and A. baumannnii (Figure
39). A full bacterial kill was seen within 3 hours of incubation with E. coli and A.
baumannnii. A high antibacterial activity level was also observed against S. aureus
with a near full kill after 24 hours. Perelshtein et al. (2009b) also studied the
antibacterial behaviour of ZnO nanoparticles and found that ZnO nanoparticles
released both Zn2+ ions and ROS into the surrounding medium; these both play an
important role in antibacterial activity.
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There are many factors by which nanoparticles induce toxicity. The key
factors in their biological effects are their chemical composition, nano size,
concentration, surface properties and their dissolution (Chang et al. 2012). From the
results above, it appears that ZnO is more soluble than CuO. Adam et al. (2014)
studied the dissolution and uptake of ZnO and CuO NPs by Daphnia magna and
found that the toxicity of both ZnO and CuO NPs is induced by the dissolved metal
ions from the particles in the medium. ZnO NPs showed complete dissolution within
48 hours of exposure. Their results showed that the induced toxicity of ZnO and CuO
nanoparticles is caused by the metal ions formed during dissolution of the particles in
the exposure medium (Adam et al. 2014). Our results also suggest that, there is a
possibility that Zn ions were released from the fabrics instead of ZnO NPs. The
dissolution of Cu from the fabrics into the solution could more easily be observed
than Zn in the solution. As Zn is more soluble, the dissolved Zn might be more
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Figure 39 Shake flask tests with saline leachates from ZnO and CuO impregnated
cotton fabrics. Numbers of viable cells were obtained by agar plating from the leached
supernatant saline solution. Graphs A, B and C represent ZnO results and graphs D, E
and F represent CuO results. Values shown are mean ± SD, n = 3
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4.1.8.2 Antibacterial activity of metal salts against E. coli
The antibacterial activity of the leachates from the ZnO and CuO impregnated
fabrics prompted a further investigation of the role of metal salts in the antibacterial
activity. ICP analysis of the Cu2+ and Zn2+ concentrations in the leachates indicated
that 2.49% of the CuO and 13.53% of the ZnO were leached in to the saline. The
same concentration of zinc and copper salts (13mg/L and 2.5 mg/L respectively) in
saline were prepared and tested to observe if the metal ions had any role to play in
the antibacterial activity. A 10 times higher and a 10 times lower concentration of the
target concentration was also tested in comparison. From the results shown in
Figure 40, it was observed that solutions of zinc chloride prepared at the same
concentration as the leachates were found to be active against Escherichia coli. The
copper sulphate only showed antibacterial activity at the high test concentration (25
mg/l). These results with zinc and copper solutions are in agreement with leaching
results from the lab scale samples (Figure 39) where zinc ions effectively killed E.
coli within 24 hours but copper ions did not.
From the results, it is likely that the ZnO activity may be at least partly
associated with the release of zinc ions whereas the antibacterial activity of CuO
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Figure 40 Antibacterial activity of zinc chloride and copper sulphate solution against
E. coli. Red bar in the first graph is 130 mg/L of zinc chloride in saline; Green bar is
the target concentration of 13 mg/L of zinc chloride in saline and purple bar is 1.3
mg/L of zinc chloride in saline. Red bar in the second graph is 25 mg/L of copper
sulphate in saline; Green bar is the target concentration of 2.50 mg/L of copper
sulphate in saline and purple bar is 0.25 mg/L of copper sulphate in saline
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4.2 Testing of CuO fabrics from the pilot scale machines
One of the main aims of the SONO project was to scale up the laboratory
process to a pilot industrial scale. The lab scale results played an important role
during the move from the lab scale process to the industrial scale. The lab scale
sonochemical reactor was only able to work with 10 cm wide fabric rolls. During the
optimisation, two pilot scale machines were assembled, both of which were able to
process fabric rolls of up to 50 cm wide. One machine used piezoelectric ultrasonic
transducers (Klopman) and the other used magnetostrictive transducers (Davo). The
exact schematics of the machines cannot be presented here for reasons relating to
intellectual property rights. The performance of the machines was compared in terms
of energy and reagent usage as well as equipment cost. The antibacterial
performance of the fabrics prepared using the two machines was also assessed.
For the pilot scale set up, two sets of PEC fabrics were prepared at the two
pilot plants in Italy (Klopman) and Romania (Davo). Polyester cotton fabrics (PEC)
were used as the substrates rather than just cotton. CuO was also preferred over
ZnO for this phase of the project, as the former changed the colour of the fabrics
which helped in the initial assessment of coating quality. The fabrics were prepared
using two different techniques; the sonochemical generation and impregnation of
nanoparticles from metal complexes (in-situ) and a
(TTS) using commercially prepared copper oxide nanoparticles. ZnO fabrics were
also prepared later on but further work with ZnO at the pilot scale was not carried out
until towards the end of the SONO project. Analysis of the pilot scale samples is
limited here to the CuO ones only.
The CuO fabrics used here were named A, B, D and E:
Fabric A Klopman (TTS technique) - 0.91% w/w CuO
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Fabric B Klopman (in-situ technique) - 0.9% w/w CuO 
Fabric D Davo (TTS technique) - 0.62% w/w CuO
Fabric E Davo (in-situ technique) - 0.37% w/w CuO
Photographs of fabric samples are shown in Figure 41. The throwing the
stones (TTS) method produced a grey/black impregnation on white fabrics. The
sonochemical (in-situ) method produced a brown coloured impregnation. In Figure
41, it can be seen that the impregnations produced using the Davo machine were
less homogeneous than the impregnations produced using the Klopman machine.
The effect of visible variation in the impregnations was investigated and is presented
in sections 4.2.5 and 4.2.6. During the course of the project the Davo machine was
redesigned and rebuilt. The visible variation in the impregnations was considerably
reduced with the revised machine.
Figure 41 Fabrics impregnated with CuO nanoparticles from both the pilot plants;
Klopman and Davo. The fabric squares were 5 x 5 cm
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HR-SEM images of the fabrics (Figure 42) showed that the in-situ and TTS
impregnations were not only different colours but also very different at the micro
scale. The in-situ impregnation appeared as a homogeneous layer of nanoparticles
on the cotton fibres. The NPs were between 40 80 nm in diameter. The TTS
impregnation appeared to be significantly less homogeneous with large clumps of
NPs rather than an even impregnation (~ 1 µm).
Figure 42 Scanning electron microscopic images of the fabrics from the prototype
machine at Klopman (A) in-situ fabric (B) TTS fabric. Images prepared at BIU (Israel)
4.2.1 Antibacterial efficacy testing of CuO impregnated PEC fabrics from the
prototype machines using the absorption method
CuO impregnated PEC fabrics prepared from the prototype machines were
tested to assess their antibacterial properties by the absorption method (ISO 20743
method). The results showed an excellent antibacterial activity against both MRSA
and P. aeruginosa. As is shown in Figure 43, all 4 of the fabrics showed a full
bacterial kill. There was a 6 log reductions with all the four impregnated fabrics with
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CuO nanoparticles showing a greater than 99.99% reduction in bacterial growth for
MRSA and P. aeruginosa (Table 13).
Comparing the ISO absorption results of pilot scale PEC fabrics to the lab scale
cotton fabrics, the pilot scale PEC fabrics have showed an enhanced antibacterial
activity against Gram positive MRSA and Gram negative P. aeruginosa. With the lab
scale fabrics S. aureus was tested rather than MRSA. The pilot scale PEC fabrics
exhibited a complete bacterial reduction whereas, the lab scale cotton fabrics were
able to reduce bacterial growth by 3 log. These results have suggested that a mix of
polyester cotton fabrics work better than the cotton fabrics. One of the reasons could
be that PEC cotton fabrics are able to hold NPs more strongly than just cotton.
These results correspond to the results from Sarathi and Thilagavathi (2009). The
researchers impregnated titanium dioxide (TiO2) on both woven and knitted 100%
cotton and 45/55% polyester cotton (PEC) and assessed their antibacterial activity
against Gram positive S. aureus and Gram negative K. pneumoniae. All the results
showed an enhanced antibacterial activity for polyester cotton fabrics (> 93%)
compared to 100% cotton (< 82%). Gokarneshan et al. (2012) in their study also
showed that a mix of polyester/cotton component exhibited better bacterial reduction
than its cotton counterpart.
This can also be justified from the unpublished results from the partner
institutes working on this project. Results from the partner institutes have shown that
ZnO PEC was better than ZnO cotton in terms of durability and antibacterial activity.
The researchers claimed that the enhanced durability and antibacterial activity is
possibly due to better adhesion of the NPs to the polyester fibres. The high speed
impact of the NPs may be enough to partially melt the polymer fibres and firmly
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Figure 43 Antibacterial activity of pilot scale CuO PEC fabrics against MRSA and P.
aeruginosa by absorption method (ISO 20743). Fabrics were spiked with a known
concentration (1 - 3 x 105 CFU/ml in dilute NB) of bacteria. The number of viable
bacteria recovered from reference fabrics (blue bars) and impregnated fabrics (red
bars) at 0 hours and after 24 ± 3 hours was determined and calculated
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One of the key challenges in the control of infections results from the ability of
almost all bacteria to form biofilms. Biofilms can be formed on a wide variety of
surfaces and medical devices (Donlan and Costerton 2002). Hence, the
requirements for the effective strategies to prevent the formation of biofilms are even
more important. Recent studies have shown that ZnO and CuO nanoparticles are
effective in inhibiting biofilm formation and virulence factor production. Applerot et al.
(2012) synthesized and deposited ZnO NPS on the surface of glass slides using a
one-step sonochemical method. The ZnO deposited glass slides were tested against
the E. coli and S. aureus biofilms in a continuous flow chamber. Confocal laser
scanning microscope images showed that the ZnO coating generated an anti-biofilm
activity against E. coli and S. aureus. Lee et al. (2014) have also shown that ZnO
nanoparticles are effective in inhibiting biofilm formation of P. aeruginosa. Agarwala
et al. (2014) investigated the anti-biofilm activity of CuO and Fe2O3 NPs against multi
drug resistant biofilm forming uropathogens E. coli and MRSA. The results showed
that CuO NPs exhibited bacteridcidal activity and possessed dose dependant anti-
biofilm properties. The use of SONO fabrics in hospitals and other healthcare
settings are not intended for use against established biofilms but as an intervention
strategy to prevent the initial colonization with biofilms and to minimize microbial
growth.
The results above have shown that the pilot scale CuO PEC fabrics have the
ability to inhibit bacterial growth which could further provide potent disinfecting
solutions for prevention of biofilm formation.
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4.2.2 Antibacterial activity testing of pilot scale CuO PEC fabrics by disc
diffusion method 
Iso-sensitest agar plates were surface inoculated with either MRSA or P.
aeruginosa. The diameter of any zones of inhibition was measured after 24 hours of
incubation at 37°C. Figure 44 shows agar plates to which the test bacterial
suspension was applied. The diameters of the zones of inhibition (in mm) around the
different CuO impregnated fabrics are shown in Table 14. The presence of CuO
nanoparticles synthesized and impregnated by an in-situ (Fabrics B and E) method
effectively inhibited the growth of MRSA, giving a clear zone of inhibition around the
fabric discs. Fabric B showed a greater inhibition zone of 28.5 mm diameter
compared to 20 mm diameter for fabric E. This could have been due to the different
concentrations of CuO on the two fabrics (B 0.90% w/w and E 0.37% w/w). No
activity was observed for any of the fabrics against P. aeruginosa.
These results match the disc diffusion results for CuO fabrics prepared at the
lab scale (section 4.1.5). The lab scale CuO fabrics showed a greater zone of
inhibition for Gram positive S. aureus than Gram negative E. coli. Similar activity was
seen for CuO fabrics from the pilot scale samples. A higher activity for Gram positive
MRSA and no activity for Gram negative P. aeruginosa. MRSA and S. aureus are
from the same genus and have shown greater susceptibility to CuO fabrics in both
cases.
As discussed earlier, the diffusion rate of antimicrobials through the agar
depends upon the type of antimicrobial agent and the application method used.




           




   
  
   
   
    
     
   
    
     
   
    
     
   
    
     
               
             
                 
                 
Table 14 Antibacterial assessment in terms of zone of inhibition of pilot CuO fabrics 
by disc diffusion method
Zone of Inhibition






































Figure 44 Antibacterial activity of pilot scale CuO PEC fabrics against (i) MRSA and (ii)
P. aeruginosa assessed by disc diffusion method. The fabrics were cut down into
round discs to be used on Isosensitest agar. CuO fabrics A and B Klopman TTS and
in-situ; CuO fabrics D and E Davo TTS and in-situ.; Fabric C Control plain PEC
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4.2.3 Antibacterial activity of pilot scale CuO PEC fabrics by shake flask
method in saline 
The shake flask testing in saline was carried out on the 4 CuO impregnated
fabrics from the pilot plant against MRSA and P. aeruginosa. The results in Figure 45
showed that the in-situ fabrics (Fabrics B and E) exhibited an excellent antibacterial
activity as compared to TTS fabrics (Fabrics A and D). The in-situ fabrics completely
inhibited the growth of MRSA and P. aeruginosa within 3 hours of contact time. The
TTS fabrics only inhibited bacterial growth to maximum of 3 log reduction within the
24 hours of contact time. These results match with the shake flask saline results
from lab scale CuO cotton fabrics. Both the in-situ fabrics and the lab scale fabrics
exhibited a complete reduction of viable cells within 3 hours of contact time. Both
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Figure 45 Antibacterial efficiency of pilot scale CuO PEC fabrics A, B, D and E against
MRSA and P. aeruginosa using shake flask method in saline. (Ref = control fabric;
Fab A = TTS fabric (Klopman); Fab B = in-situ fabric (Klopman); Fab D = TTS fabric
(Davo); Fab E = in-situ fabric (Davo). Values shown are mean ± SD, n = 3
4.2.4 Determination of minimum inhibitory concentration of pilot scale PEC
fabrics in terms of sample size
In these experiments the antibacterial activity of different sized fabric samples
was compared using a shake flask type method. The aim was to assess the
minimum amount of fabric required for bacterial inhibition. Different sized samples
were used to vary the concentration of CuO NPs on the PEC fabric. As the
concentration of CuO NPs on the fabrics was known the amount of CuO NPs
present on each fabric size could easily be calculated. The influence of the test
media was also investigated. Experiments were conducted with either saline or NB.
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These tests were carried out with the 4 CuO impregnated PEC fabrics
prepared using the pilot scale machines. For testing the fabrics were cut down in 4
sizes; 2.5 x 1 cm, 2.5 x 2 cm, 2.5 x 4 cm, 2.5 x 8 cm. The amount of Cu on each
sample was calculated as follows:
PEC fabric weight = 250 g/m2 
1 cm2 of fabric weighs 0.025g = 25 mg
0.9% w/w CuO equal to 0.9 x (0.025/100) g = 0.000225 g = 0.225 mg of CuO
per cm2 or 2.25 g of CuO per m2 of fabric
2.5 x 1 cm = 2.5 cm2 = 0.225 x 2.5 = 0.56 mg CuO (divide by volume to give a
concentration in mg/ml for example 10 ml of saline = 0.056 mg/ml CuO)
2.5 x 2 cm = 5 cm2 = 0.225 x 5 = 1.13 mg CuO
2.5 x 4 cm = 10 cm2 = 2.25 mg CuO
2.5 x 8 cm = 20 cm2 = 4.5 mg CuO
The results presented in Figure 46 showed that in-situ fabrics (B and E)
showed higher antibacterial activity than the TTS fabrics (A and D). Both P.
aeruginosa and MRSA showed some growth inhibition with the minimum fabric size
of 2.5 x 2 cm. This showed that 0.113 mg/ml (2.5 x 2 cm) of CuO nanoparticles was
sufficient to inhibit the growth of P. aeruginosa and MRSA. However, in all the cases
(whether media type or fabric type), higher antibacterial activity was observed for
MRSA than for P. aeruginosa. When comparing the effect of media, the fabrics
showed higher activity in saline (restricted media) and less in NB. The nutrient broth
results correlates very well with the lab scale results (Section 4.1.7). Both the lab
scale and pilot scale results showed that higher concentrations of CuO than ZnO are
required to completely inhibit bacterial growth.
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When a comparison was made between fabric types, the results showed that
in-situ fabrics were more active than the TTS fabrics. The differences between the
activities of both fabric types were more significant when tested in saline than in NB.
The activity of both fabrics was quite similar in NB. However, in saline, MRSA was
much more susceptible than P. aeruginosa. The antibacterial activity of CuO fabrics
was found to increase with the increase in the fabric size. This was as would be
expected as in the fixed test volume CuO NPs concentration increases with the
increase in sample size. The results showed that the fabric size of 2.5 x 8 cm (20
cm2) achieved the highest antibacterial activity out of the all fabrics by showing a
minimum of 4 log reduction. The fabric size with 2.5 x 8 cm was calculated to have
around 4.5 mg of CuO on its surface. This is equal to a concentration of 0.45 mg/ml
in the test volume.
The nutrient broth and saline provided quite different environments for the
antibacterial agents to interact with the bacteria. The nutrient broth contains a
complex mixture of compounds which not only facilitate the growth of bacteria but
can also interact directly with the antibacterial agent.
One of the aims of these experiments was to find out whether there were
small differences between fabrics that were not evident from absorption results. In
the absorption results (section 4.2.1), all 4 fabrics (A, B, D and E) had shown
bactericidal activity (full kill). There was nothing from these results to differentiate the
level of activity from different fabric types. The shake flask method in saline showed
up differences that were not apparent from the absorption results. The saline method
quite closely resembles actual working conditions where nutrients are in short
supply, much like the ISO absorption method.
142
 
                 
 
             
             
                  
Saline Nutrient Broth
Figure 46 Antibacterial activity shown by different sized pilot scale CuO PEC fabrics
from Klopman and Davo against P. aeruginosa and MRSA. Tests were performed in
saline (Graphs A, B, C and D) and in nutrient broth (NB) (Graphs E, F, G and H)
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4.2.5 Measurement of the amount of copper on fabrics and in leachates by
ICP 
ICP tests were also conducted with the set of 4 CuO fabrics manufactured
using the pilot scale machines at Klopman and Davo. The release of the
nanoparticles into the environment via laundering is seen as a potential hazard
(Khan 2013). Thus one of the aims of the SONO project was to show that the
sonochemical impregnation process enhanced the stability of nanoparticles on the
fabric substrates.
The ICP results presented in Table 15 show a greater adhesion of the CuO
nanoparticles to the PEC fabrics prepared at the pilot scale than was observed for
the cotton fabrics prepared at the lab scale (Figure 47). With each of the pilot scale
fabric samples, less than 0.5% of the total copper content was leached from the
fabrics in to the saline solution. With the lab scale fabric a similar amount of Cu was
impregnated into the fabric (0.5% w/v) but a slightly greater amount was released
into the saline leachate (2.5%). This may or may not be due to significant differences
between the adhesions of the CuO NPs on the different fabrics. It does possibly
indicate that in terms of adherence, the impregnations produced using the pilot scale
machines were at least as good as the impregnations produced at the lab scale.
In a further experiment, saline leachates from the pilot scale CuO fabrics were
centrifuged to separate solid CuO from soluble copper. The results from ICP analysis
of the copper concentration in the total leachate, the supernatant and the pellet are
presented in Figure 47(B). The results showed that the TTS and in-situ CuO fabrics
behaved differently in terms of the amount of dissolved copper and solid CuO
released into the saline solution. In the case of the TTS fabrics (A and D) most of the
copper in the leachates was pelleted and thus probably in the form of CuO particles.
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This means there were less Cu ions released from the fabrics. In the case of the in-
situ fabrics (B and E), most of the copper in the leachates was found in the
supernatant fraction and thus was dissolved Cu ions. From the SEM images (Figure
42) it can be seen that TTS impregnations were less uniform and were made of
larger aggregates of CuO particles. These may have shed more easily from the
fabrics into the leachates and formed pellets on centrifugation. The smaller NPs from
in-situ fabrics may have dissolved more readily due to their larger overall surface
area. The bactericidal effectiveness of NPs has been suggested to be due to their
size and higher surface to volume ratio. That may explain the differences seen in the
antibacterial activity of TTS fabrics and in-situ fabrics. The in-situ fabrics showed
higher activity than the TTS fabrics due to the smaller size of the NPs and greater
levels of Cu ions. Other researchers have also claimed the dissolution of metal ions
is a key factor in the toxicity of nanoparticles. Chang et al. (2012) showed that the
toxicity of CuO NPs was largely influenced by soluble Cu ions. Brunner et al. (2006)
also found that the toxic effect of soluble metal oxide NPs was higher than the
insoluble ones, when used at the same concentration.
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B Klopman in-situ 157.47 0.64 0.41 
D Davo TTS 126.13 0.27 0.21 
E Davo in-situ 68.34 0.32 0.47 
Figure 47 (A) Total concentration of Cu on the 4 pilot scale PEC fabrics and (B) Cu
concentrations in saline leachate solutions
4.2.5.1 Antibacterial activity of saline leachates from pilot scale CuO samples 
Saline leachates solutions from the 4 pilot scale CuO fabrics were tested for
antibacterial activity using a shake flask method. Tests were performed with MRSA,
P. aeruginosa and E. coli. Serial dilutions were plated on to NA plates after 0, 3 and
24 hours of shaking incubation.
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For P. aeruginosa, leachates from all the four fabrics showed an antibacterial
effect during 24 hours of incubation. The SONO in-situ fabrics B and E (in-situ
samples) completely inhibited bacterial growth within 3 hours of incubation showing
a strong bactericidal effect. These leachates contained the higher proportion of
dissolved copper as compared to the un-dissolved CuO NPs (Figure 47). The TTS
fabrics A and D also showed a strong antibacterial effect giving a 4 log reduction in
microbial growth after 24 hours of incubation (Figure 48). From the results it was
observed that leachates from the in-situ fabrics had a higher or more rapid acting
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Figure 48 Number of viable cells obtained by agar plating from the leached saline
solutions incubated with P. aeruginosa. Fabrics A and B Klopman TTS and in-situ.
Fabrics D and E Davo TTS and in-situ. NF no fabric control
In the testing carried out against MRSA, a very similar level of activity was
observed for the leached saline solutions (Figure 49). The leachates from the SONO
in-situ samples B and E, produced a full kill within 3 hours of incubation. The
leachates from the TTS samples inhibited the growth of the bacteria and reduced the
concentration by 2 logs after 24 hours of incubation. A noticeable difference with the
MRSA experiments was the inhibition of bacterial growth after 24 hours in the control
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saline solution containing MRSA and no fabric (Figure 49). There was also a small
reduction in the growth of MRSA with the control reference samples. The
unexplained poor growth of MRSA has also occasionally been observed in some













































0 3 24 0 3 24 
Incubation time (hours) Incubation time (hours)
Figure 49 Number of viable cells obtained by agar plating from the leached saline
solutions incubated with MRSA. Ref control fabric. Fabric A and B Klopman TTS
and in-situ. Fabrics D and E Davo TTS and in-situ. NF no fabric control
The pilot scale CuO fabrics were also tested against E. coli to relate the level
of activity of these CuO fabrics to the original CuO cotton leachate experiments. The
results from the original CuO impregnated fabrics manufactured at a laboratory scale
did not show any activity against E. coli. The leachates from the TTS fabrics (A & D)
showed some growth inhibition. The leachates from the fabrics coated by the in-situ
(B & E) technique effectively killed the E. coli population within 24 hours (Figure 50). 
The lab scale CuO cotton and the pilot scale CuO PEC samples B and E were
produced using the same sonochemical in-situ coating technique. According to the
results from the ICP analysis, the copper concentration in the leachate from the lab
scale CuO cotton was 5 to 10 times higher than the concentrations in the leachates
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from the pilot scale CuO PEC samples. However, the antibacterial activity of the
leachates from the pilot scale PEC samples was much greater.
The higher activity of the leachates from the pilot scale samples could have
been due to the presence of a chemical agent other than CuO on the fabrics. Other
chemicals may have adhered to the fabric during the coating process and then
dissolved in to the saline during leaching. The chemical reagents used at the lab
scale and pilot scale were from different sources and so may have contained
different impurities. Another possibility is that the pilot scale samples may have
produced more ROS (Applerot et al. 2009).
Further work with ZnO at the pilot scale was not carried out until towards the
end of the SONO project and so analysis of the pilot scale samples is limited here to




















































Figure 50 Antibacterial activity of saline leachates against E. coli. Numbers of viable
cells were obtained by plating. Fabrics A and B Klopman TTS and in-situ. Fabrics D
and E Davo TTS and in-situ
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4.2.5.2 Leaching of copper in to nutrient broth
The leaching of copper from the impregnated fabrics was also assessed with
nutrient broth. Only the two impregnated fabrics, A and B, manufactured by Klopman
were tested for this experiment. The results in Figure 51 showed that a much larger
proportion of the copper content leached from B, the in-situ type fabric, than from A,




















Leached Cu in NB
Figure 51 Concentration of leached Cu content in nutrient broth. Mean ± SD, n = 3 
The leaching of a larger proportion of the copper content from the in-situ fabrics
than from the TTS fabrics can also be physically seen in Figure 52. The different
solubility of the CuO coatings on the fabrics may be due to differences in the
nanoparticles. From the SEM images in Figure 42, it can be seen that the particles
on the in-situ fabric were much smaller than the particles on the TTS fabrics, even
though the CuO used for the TTS experiments was <100 nm according to the
manufacturer. The CuO NP powder was very difficult to suspend in water, even
using ultrasound and so the CuO may have been deposited as micro scale clumps
rather than nano scale individual particles.
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The different colour of the fabrics (Figure 41) also suggested that there may be
differences in the chemical nature of the impregnations. The TTS fabrics appear dark
grey in colour. This was as would be expected with an impregnation of black CuO.
The brown colour of the SONO in-situ fabrics would suggest that the impregnation
contains Cu2O which is brown in colour. It could also possibly be a mixture with Cu
metal and CuO. All three of these copper based NPs have been shown to possess
antibacterial activity (Azam et al. 2012). The exact chemical nature of the
impregnations was not investigated here. These differences in size and chemical
composition may explain the different solubilities in saline and NB and also the
differences in antibacterial activity. Figure 47 shows that Cu is different in the
leachates from the 2 different fabrics in terms of solids versus soluble fractions. The
in-situ impregnations release more Cu ions and the TTS impregnations released
more in a pellet form (solid particles) rather than dissolved.
Figure 52 Photos of CuO fabrics in SCDLP medium. The coloured fabrics have




           
              
            
             
            
              
              
                  
                
              
             
 
              
                
          








               
 
4.2.6 Differences in the homogeneity of the impregnation (Klopman vs Davo)
As seen in Figure 53 (a), fabrics produced using the machine at Davo clothing
did not show a homogeneous impregnation of CuO nanoparticles on the fabric
surface. This was due to problems with the ultrasonic transducers that were used.
An experiment was performed to analyse the total concentration of copper on
different parts of fabric surface. Samples were cut from the paler and the darker
regions of fabric E. The total concentration of copper on the samples was measured
by ICP after dissolution of the CuO in to 0.5 M HNO3. The results in Figure 53 (b)
showed that dark areas of impregnated fabrics had 3.15 g of copper per kg of fabric
compared to 1.85 grams for light areas of treated fabric. The mean concentration of
























(B) Total Cu by ICP (g Cu/ kg
Fabric)
Figure 53 (a) CuO fabrics produced by Klopman and Davo using the pilot scale
machines squares 5 x 5 cm (b) concentrations of Cu on random, dark and pale
regions of fabric E. Mean ± SD, n = 3
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4.2.6.1 Antibacterial activity of fabric E from pale and dark area of coating
To further assess the homogeneity in the impregnations, the antibacterial
activity was compared from the same fabric (Fabric E), cut out from different parts
(paler and darker region of fabric E) of the impregnated surface. The results showed
that the visible variation in the impregnations correlate with the antibacterial activity.
Both regions showed good antibacterial activity (Figure 54). However, when
compared to each other, samples from the paler region of Fabric E showed less






















Fab E Dark 
Fab E Light 
Figure 54 Comparison of the antibacterial activity of samples from the pale and dark
regions of the impregnations against P. aeruginosa
4.3 Flow cytometry (FC)
One of the objectives of this research was to investigate the use of flow
cytometry as an alternative to agar plate counts for the determination of viable cell
numbers. The basic absorption method was used to test the fabrics. The number of




           
             
              
             
            
          
            
          
          
        
            
           
 
           
               
              
           
           
            
            
              
             
              
              
          
4.3.1 Effect of sample preparation on bacterial viable count (FC experiments)
This experiment was performed to look at the effects of sample preparation on
the number of viable bacterial cells. The purpose of the experiment was to explore
whether differences in the way samples were prepared for plate counts and flow
cytometry resulted in any differences in viable counts. The influence of sonication
and centrifugation on bacterial recovery was investigated and compared with
untreated samples by plating onto NA plates. Morphological changes in the bacterial
suspensions were also examined using microscopy (100x oil magnification) and
Gram stained slides. Three sample treatments were performed for each bacteria: 
Normal vortexing of samples for 2 minutes
Sonication in a 40 kHz water bath for 2 minutes
Centrifugation at 13,000 rpm for 3 minutes followed by vortexing
Sonication is commonly used to separate or de-clump bacterial cells (Denis
1991, Joyce et al. 2003). From the results it was observed that sonication did not
raise bacterial counts for E. coli after 2 minutes of sonication. When compared with
vortexed samples, the bacterial counts decreased slightly by 2.5% from 2.58E+07
CFU/ml to 2.54E+07 CFU/ml (Table 16). After centrifugation and re-suspension there
was some reduction (4.5%); the viable counts for these samples dropped to
2.49E+07 CFU/ml. This reduction following centrifugation could have been due to the
adherence of some bacterial cells to the walls of the Eppendorf tubes or minor
clumping of the cells. From the results shown in Figure 55, sonication and
centrifugation did not have any major effect on the counts for E. coli. ANOVA
showed that the results from all the three experiments against E. coli were not
significantly different. Gram stained smears were prepared from treated bacterial
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suspensions and observed under direct light microscopy. As shown in Figure 56a,
the Gram stained smears did not show any significant changes in the morphology of
E. coli suspension after sonication or centrifugation.
Bacterial counts from treated A. baumannii suspensions are shown in Figure
55. The viable counts were 27% higher in sonicated samples (3.19E+07 CFU/ml)
than in vortexed samples (2.37E+07 CFU/ml). The clumping of bacterial cells can
result in an underestimation of viable cell numbers from agar plate colony counts. A
clump of cells on an agar plate will only give rise to single colony. Sonication can
disrupt the clumps of cells so that there are more free cells that can grow into
individual colonies on the agar. Lower bacterial numbers (1.90E+07 CFU/ml) were
recovered after centrifugation of A. baumannii samples. The numbers decreased by
21% compared to the vortexed sample. Although the samples were vortexed after
centrifugation, pelleting may have made the clumping worse and harder to reverse
and some cells may have adhered to the walls of the Eppendorf tubes (Table 16).
On Gram stained slides the clumping of A. baumannii cells was quite evident (Figure
58b). Large clumps of cells were observed in both the vortexed and centrifuged
samples. After sonication for 2 minutes most of the stained cells were present as
individual separated cells on the slides rather than in clumps.
One characteristic of S. aureus and MRSA is that they commonly grow in
clumps of cells and this is evidenced by the results shown in Table 16, Figure 59c
and Figure 59d. Sonication for 2 minutes de-clumped S.aureus and MRSA cells
giving viable counts of 2.63E+07 CFU/ml and 1.26E+08 CFU/ml compared to
2.09E+07 CFU/ml and 8.95E+07 CFU/ml for the normal samples. Lower viable
counts were also recovered from centrifuged samples. Examination of the Gram
stained slides, as shown in Figure 58c and Figure 58d, showed some differences in
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the appearance of the suspensions following the different treatments. As expected
cells were clumped together when centrifuged and showed a lower bacterial count.
Sonication of the P. aeruginosa suspensions increased the viable counts
slightly from 1.91E+07 to 1.93E+07 CFU/ml. After centrifugation and re-suspension
there was a decrease in the number of viable cells to 1.76E+07 CFU/ml (9%
decrease). Some aggregation of cells was visible on each of the slides (Figure 58e).
Sonication for longer periods of time may have disrupted more clumps and resulted
in higher viable counts. However, longer periods of sonication may also have
resulted in reduced counts by killing some of the cells (Joyce et al. 2003).
For the agar plate counting method used in the majority of the experiments,
the bacterial suspensions were simply vortex mixed. For the FC experiments the
bacteria were centrifuged and washed to remove cell debris and for re-suspension in
the appropriate buffer solution for FC staining. Sonication was used to help re-
suspend the cell pellets after centrifugation.
The results have shown that sonication and centrifugation can affect bacterial
cell counts. Centrifugation can reduce viable counts by increasing the clumping of
cells. Sonication works in the opposite direction, increasing the counts by breaking
apart clumps of cells. Even where bacteria do not show a tendency to clump, such
sample preparation steps may result in changes in the viable counts. For example
during centrifugation some bacteria could adhere to the walls of the Eppendorf tubes
or some could be lost in the supernatant discarded during cell washing.
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Table 16 Mean viable plate counts recovered after FC sample preparation steps









Test bacteria CFU/ml (Mean) 








ANOVA p value 0.82 0.0001 0.00002 0.0005 0.27 
Figure 55 Effect of different sample preparations on bacterial viable counts for (A) E.
coli, (B) A. baumannii, (C) S. aureus, (D) MRSA and (E) P. aeruginosa. Mean ± SD, n= 3
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Figure 56a Changes in the morphology of E. coli after different treatments; (A)
Untreated sample; (B) Centrifuged sample; (C) Sonicated sample (100x oil
magnification). Cells ~ 1µm in size
Figure 58b Changes in the morphology of A. baumannii after different treatments; (A)
Untreated sample; (B) Centrifuged sample; (C) Sonicated sample (100x oil
magnification). Cells ~ 1µm in size
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Figure 58c Changes in the morphology of S. aureus after different treatments; (A)
Untreated sample; (B) Centrifuged sample; (C) Sonicated sample (100x oil
magnification). Cells ~ 1µm in size
Figure 58d Changes in the morphology of MRSA after different treatments; (A)
Untreated sample; (B) Centrifuged sample; (C) Sonicated sample (100x oil




             
         
       
              
 
           
           
           
             
                
            
               
              
             
Figure 58e Changes in the morphology of P. aeruginosa after different treatments; (A)
Untreated sample; (B) Centrifuged sample; (C) Sonicated sample (100x oil
magnification). Cells ~ 1µm in size
4.3.2 Measurement of the sensitivity of cell detection by FC on the BD FACS
system
Flow cytometry (FC) was examined as a technique to assess the antibacterial
effect of impregnated fabrics (ZnO/CuO NPs) on bacterial populations. Live and
dead cells were discriminated using fluorescent cell viability stains. Flow cytometry
(FC) analysis was performed with thiazole orange (TO), a nucleic acid stain that
penetrates all cells and propidium iodide (PI), a nucleic acid stain is not taken up by
intact cells. Propidium iodide (PI) only enters damaged or dead cells whereas
thiazole orange (TO) can enter all cells (Alsharif and Godfrey 2002). As the two dyes
emit light at different wavelengths it is possible to distinguish between intact live cells
and damaged cells based on fluorescence emission. To validate FC results and to
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examine the relationship between cell viability and cell death, the FC results were
compared with the results of viable plate counts.
Data was acquired using BD CellQuestTM Pro software in Acquisition-to-
Analysis mode. Fluorescent microsphere beads were added to samples and used as
a reference to determine the volume of sample analysed and hence to calculate the
actual concentration of live and dead cells in the sample.
Before antibacterial testing, a series of experiments were performed to
measure the sensitivity of cell detection with the BD FACS system. A series of
dilutions (3, 4, 5 and 6 fold) of 3 hour cultures of S. aureus, E. coli, A. baumannii,
MRSA and P. aeruginosa were used for assessment. Staining buffer was run as a
blank. These experiments suggested that the limit of detection of the FC for viable
bacteria was between 1000 and 10000 viable cells per ml. As shown in Figure 57, a
linear relationship was seen in cell numbers when measured from 1,000,000 cells
per ml down to around 10,000 cells per ml. Once the dilution reduced the number of
cells down to less than 10,000 cells per ml, the FC counts start deviating significantly
from the expected counts. Noise is a significant limitation at such low cell
concentrations. Random counts due to noise give an over estimate of the number of
live cells. As described in the BD Biosciences application notes (Alsharif and
Godfrey 2002) present in the sample
matrix and with
From Figure 57, it can be seen that the deviation in actual counts from
expected counts was greatest for S. aureus, MRSA and A. baumannii. These
bacteria also displayed the greatest tendency to form aggregates or clumps. As
explained in section 4.3.1, centrifugation and sonication can affect the counts of
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bacterial cells by reducing and increasing the viable counts of bacteria. The results
showed that FC has overestimated the bacterial number at lower concentrations. 
Figure 57 Mean viable cell counts by FC from 3, 4, 5 and 6 fold dilutions of 3 hour
cultures (~108 cells per ml) to assess the sensitivity of cell detection by flow
cytometry for (A) S. aureus, (B) E. coli, (C) A. baumannii, (D) MRSA and (E) P.
aeruginosa. Solid blue line FC count. Dashed red line is expected cell count. Mean ±
SD, n = 3
162
 
              
           
              
             
              
               
            
              
               
            
             
              
   
           
           
             
              
  
          
 
  
A viable plate count method was also performed with the samples to look at
the relationship between flow cytometry counts and traditional agar plate counts.
Figure 58 shows the relationship between the viable counts for all the five bacterial
species determined by flow cytometry and by agar plate counting. The counts from
flow cytometry were in general higher than the counts from agar plating. The higher
counts from FC could have been due to sample noise leading to false positive viable
counts. The greatest deviations between the FC counts and the plate counts
occurred at the lower cell concentrations. The higher counts from FC may also have
been due to clumping of the cells. Some of the clumps may have been dispersed
during preparation of the samples for FC and during actual measurement. There
were significant differences between the FC and plate counts with both S. aureus
and A. baumannii. In section 4.3.1, the viable counts for both these species were
increased following sonication.
Flow cytometric analysis can provide an accurate quantification of cells but
technical limitations. The results showed that flow cytometry analysis was not
suitable for measuring low concentrations of bacteria (< 10000 CFU/ml) and so may
underestimate total levels of bacterial inhibition or kill. This is also mentioned in the
e prominent
with decrease in the bacterial concentration (Alsharif and Godfrey 2002).
163
 
             
                      
       
 
             
       
            
             
              
    






    
                           
     






    
                            
     







    
                          
     






   
                             
     







    
                         






































y = 0.6532x + 1.8703





























0 1 2 3 4 5 6 0 1 2 3 4 5 6 
Plate counts (log10 CFU/ml) Plate counts (log10 CFU/ml)


































































R² = 0.9842 
1 
0 0 
0 1 2 3 4 5 6 0 1 2 3 4 5 6 
























y = 0.7898x + 1.21132 
R² = 0.9958 
1 
0 
0 1 2 3 4 5 6 
Plate counts (log10 CFU/ml)
Figure 58 Comparison of viable counts from flow cytometry and agar plating for
dilutions of 3, 4, 5 & 6 fold of a 3 hour culture of (A) S. aureus, (B) E. coli, (C) A.
baumannii, (D) MRSA and (E) P. aeruginosa
4.3.3 Comparing the enumeration of viable cells from lab scale ZnO and CuO
fabrics by FC and agar plate counting
Live and dead bacterial suspensions were used to calibrate and adjust the
flow cytometer settings to position regions for counting live cells and beads. Green
fluorescing TO and red fluorescing PI were positioned at FL1 and FL3 as shown in
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Figure 59. Bead counts were used to determine the volume analysed and thus the
actual concentration of viable cells. The regions were gated to differentiate between
live and dead cells. After setting the parameters in the gate R2 for live cell controls
and gate R3 for the dead cell controls, the number of bacteria in each gate was
determined, as shown in the example dot plot in Figure 59. In the actual experiments
dead cells were not identified and gated. For the experiments, only the cell growth
was monitored and measured by gating the live cells. This was because the initial
starting bacterial concentration was too low to count number of dead cells. Moreover,
the purpose of this study was to compare FC counts with viable plate counts. The
viable plate counts only promote viable bacteria and excluded dead cells and debris.
Figure 59 An example FC dot plot with E. coli showing event populations for 2
different fluorescence emissions (FL1 and FL3). The pink events in region 3 (R3) are
the dead bacteria and green events in region 2 (R2) are the live cells. The counting
beads (red events) are shown in the upper right part of the graph
The graphs in Figure 60 show the relationship between the concentration of
viable bacteria determined by flow cytometry and viable plate counts for E. coli. The
results from both methods of viable cell determination showed that the growth of
165
 
             
               
             
                
               
              
            
              
              
                
              
           
           
 
          
       
               
            
             
              
             
            
        
E.coli was effectively inhibited by ZnO fabrics. There was a greater than 99%
reduction in the growth of bacteria on the ZnO treated cotton compared to the plain
cotton. Antibacterial A values were also quite similar for both the methods (A=2.25
for FC and A=2.94 for plate counts). From the results, it was seen that FC counts for
E. coli were lower than that of counts by viable plate counts (Figure 60).
A good agreement between plate counts and FC counts was also seen for A.
baumannii. The results from both analytical methods (viable plate count and flow
cytometry) showed a significant antibacterial activity (A = 2.94 for FC and A = 2.73
for plate count). However, the FC counts for A. baumannii were higher than the
viable plate counts. The higher FC counts could be due to the presence of viable but
non culturable cells (VBNCs) or could also be due to the declumping of bacterial
cells. The sample preparation experiments in section 4.3.1 showed that A.
baumannii was more inclined to clumping by centrifugation and declumping by
sonication.
Some bacteria are capable of maintaining metabolic activity while developing
-
(Weichart 1999). One important potential advantage of
using flow cytometry is the ability to detect those VBNC cells. The cells with intact
membranes are considered live cells and the ones with damaged membranes are
counted as dead or damaged cells. The propidium iodide (PI) only enters damaged
or dead cells, whereas thiazole orange (TO) can enter all cells (Alsharif and Godfrey
2002). The interpretation and verification of VBNCs by FC can be calculated through
the fluorescent dye (thiazole orange), which determine the fractions of cells in
different physiological conditions (Khan, Pyle and Camper 2010).
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The viable bacterial counts as determined by FC and plate counting for S.
aureus were quite similar for the control samples but very different for the
impregnated samples. FC gave higher viable counts than agar plate counts (Figure
60). The S. aureus results were quite similar to A. baumannii results where FC
counts were greater than plating counts. In Figure 57, it can be seen that with these
two species, the FC counts differed significantly from the plating counts at the lower
dilutions. This could be due to the presence of VBNCs. It could also be due to the
overestimation of numbers associated with the FC method at lower dilutions.
Standard agar plating gives a more accurate viable count at low
concentrations (< 103 cells per ml). When the results were plotted from both
analytical methods, there was a strong antibacterial effect seen for S. aureus using
the plate count numbers, showing 99.9% growth reduction. The FC results did not
agree with the plate count results and showed just a 1 log growth reduction (83.36%)
in bacteria (Table 17).
detection by the FC equipment also plays a part in the variation in the comparison of
FC and viable plate counts. The term is referred to as rare- which
means the detection of events that occur at a frequency lower than 10000 cells.
According to Donnenberg and Donnenberg (2007), detecting an event at a lower
frequency requires a high signal-to-noise ratio and also acquisition of large number
of events (Low counts = high numbers by calculation). Background noise can overlap
with the actual counting regions on the FC dot plots.
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Table 17 Mean viable bacterial counts (CFU/ml) by both FC and plate counting after 24
± 3 hours contact time for ZnO samples and control samples against E. coli, A.















































































Figure 60 Antibacterial activity of lab scale ZnO fabrics assessed by agar plate
counting and flow cytometry against (A) E. coli, (B) A. baumannii and (C) S. aureus.
Mean ± SD, n = 3
As stated by Novo et al. (2000), different techniques to assess antimicrobial
activity rely on the detection of changes in the number of bacteria or colonies in a
sample over time. Each colony on an agar plate or bacterial count in a flow
cytometry sample can be either a single viable bacterial cell or a clump of cells
containing one or more viable cells. So, where clumping of cells occur it is harder to
reliably determine cell viability. Davey and Kell (1996) demonstrated that at low
concentrations, flow cytometry overestimates the microbial load and at higher
concentrations there is an underestimation of microbial concentration. They also
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stated that microbial cells like S. aureus often grow in clumps and form aggregates
during sample preparation. If any of the cells in a clump have a leaky cell membrane
the viability assay (Davey and Kell 1996). To overcome this problem, researchers
suggested using the forward scatter signal (FSC) alongside fluorescence to indicate
the size of a cell or clump. Since, the size of bacteria varies according to growth
conditions; they also suggest that using two or more viability stains would give a
broader picture of the physiological status of the cells (Davey et al. 2004).
Jepras et al. (1995) studied the correlation between flow cytometric analysis
and CFU counts by evaluating a range of viability stains. They developed a
technique to distinguish live and dead bacteria to obtain a viable count and a total
count. It involved evaluating several fluorescence probes as indicators of bacterial
viability by flow cytometry. They found a good correlation between the viable counts
obtained through flow cytometry and agar plating, but sourced errors associated with
measure different properties of cells potentially preventing an agreement between
different techniques.
It is also apparent that accuracy in cell counts is very much dependant on the
accuracy in sample delivery and on the type of flow cytometer used (Boye and Steen
1993). In the event of unknown sample flow rate, a known concentration of
fluorescent beads is used as a standard so that cell count can be related to the
volume analysed. However, Cantinieaux et al. (1993) found that because of wide
distribution of properties seen in microbial cells, there is the possibility of overlapping




               
             
              
 
             
             
              
 
             
             
              
Figure 61 Flow cytometry dot plots with FL1 versus FL3 for E. coli comparing control
cotton fabric against ZnO impregnated fabric. These events shown in green are live
cells (R2) and the events shown in red (top right) are fluorescent counting beads
Figure 62 Flow cytometry dot plots with FL1 versus FL3 for A. baumannii comparing
control cotton fabric against ZnO impregnated fabric. The events shown in green are
live cells (R2) and the events shown in red (top right) are fluorescent counting beads 
Figure 63 Flow cytometry dot plots with FL1 versus FL3 for S. aureus comparing
control cotton fabric against ZnO impregnated fabrics. The events shown in green are
live cells (R2) and the events shown in red (top right) are fluorescent counting beads 
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The results with CuO fabrics were found to be quite similar to the ZnO
impregnated fabrics. Figure 64, Figure 65 and Figure 66 represent the results of flow
cytometric analysis of cotton impregnated with CuO nanoparticles against control
cotton when incubated with E. coli. The live population is clearly distinguishable in all
the fluorescence dot plots.
When comparing both the analytical methods for E. coli, a greater than 99%
growth reduction was observed from both. The plate count method showed a higher
degree of microbial kill as compared to the flow cytometry counts analysis. A 4 log
reduction was seen for plate counts compared to 2 log reduction by FC (Table 18).
Figure 65 shows the results for flow cytometric analysis of cotton impregnated
with CuO nanoparticles and control cotton when challenged against A. baumannii.
The viable bacterial counts from both techniques showed that there was a greater
than 99% reduction in the growth of bacteria on the CuO impregnated cotton
compared to the plain cotton. Both the methods showed a 3 log reduction in bacterial
growth (Table 18) giving similar antibacterial A values of 3.06 and 3.14 respectively.
The dotplots in Figure 66 showed the bacterial populations of S. aureus
determined by flow cytometry. When the results were plotted from both analytical
methods, the viable plate count showed a significant bacterial kill (A value 2.96) as
compared to FC analysis (A value 0.92). A 99.89% reduction was seen with the plate
count method but there was only an 83.61% reduction according to FC analysis
(Table 18). This was due to the higher FC counts for the test samples. The viable
counts by absorption and FC method were quite similar for the reference fabrics but
the FC counts were high for impregnated CuO fabrics compared to the plate counts.
The FC results from the lab scale CuO fabrics showed higher bacterial counts




               
             
              
 
             
            
               
 
             
            
               
Figure 64 Flow cytometry dot plots with FL1 versus FL3 for E. coli comparing control
cotton fabric against CuO impregnated fabric. These events shown in green are live
cells (R2) and the events shown in red (top right) are fluorescent counting beads
Figure 65 Flow cytometry dot plots with FL1 versus FL3 for A. baumannii comparing
control cotton fabric against CuO impregnated fabric. These events shown in green
are live cells (R2) and the events shown in red (top right) are fluorescent beads
Figure 66 Flow cytometry dot plots with FL1 versus FL3 for S. aureus comparing
control cotton fabric against CuO impregnated fabric. These events shown in green
are live cells (R2) and the events shown in red (top right) are fluorescent beads
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Table 18 Mean viable bacterial counts (CFU/ml) by both FC and plate counting after 24
± 3 hours contact time for CuO samples and control samples against E. coli, A.







Control fabric (24 hrs)
CFU/ml
CuO treated (24 hrs)
CFU/ml
FC ISO FC ISO
E. coli 5.21E+08 8.00E+08 2.98E+06 1.80E+04
A. baumannii 4.22E+08 8.30E+07 3.43E+05 6.10E+04





































































Figure 67 Antibacterial activity of lab scale CuO fabrics assessed by viable agar plate
counting and flow cytometry against (A) E. coli, (B) A. baumannii and (C) S. aureus.
Mean ± SD, n = 3
4.3.4 Comparing the enumeration of viable cells from 4 pilot scale CuO PEC
fabrics by FC and agar plate counting
As seen from Table 19, all 4 of the CuO fabrics showed a strong growth
inhibitory effect (3 log growth reduction) against MRSA. The highest activity of 4 log
growth reduction was recorded for fabric E (in-situ by Davo) and the rest of the
fabrics showed 3 log growth reduction. A good agreement between the FC and plate
count results was observed for the control samples. The plate count result showed a
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strong bactericidal activity with no viable MRSA recovered from the fabrics.
However, there were viable cells recovered from fabric surfaces according to the
flow cytometry analysis. These were viable but non culturable cells (VBNC), which
were further confirmed by fluorescence microscopy images. The same samples were
used for preparing slides for fluorescence microscopy (Section 3.19).
As explained previously, one of the limitations of flow cytometry is the limit of
detection. In these FC experiments, the number of bacterial cells was counted per
150 beads. In the case of Fabric E, just 1 live stained cell of MRSA was recovered
per 150 beads. After calculation and adding the dilution factor, the CFU/ml calculated
for Fabric E was 3.10E+04 CFU/ml. In contrast, a single colony on an agar plate
after applying the dilution factor would give a total number of 100 CFU/ml. This
shows that presence of a single cell by FC could show a huge difference in bacterial




              
             
              
                  
Figure 68 Flow cytometry dot plots with FL1 versus FL3 for MRSA comparing control
cotton fabric against CuO impregnated fabric. These events shown in green are live
cells (R2) and the events shown in red (top right) are fluorescent counting beads.
Fabrics A and B Klopman TTS and in-situ, Fabrics D and E Davo TTS and in-situ
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Table 19 Mean viable bacterial counts (CFU/ml) by both FC and plate counting after 24





















Fabric E (in-situ) 1.79E+08 1.80E+08 3.11E+04 1.00E+02 3.76 6.25 
Figure 69 Antibacterial activity of pilot scale CuO PEC fabrics (A, B, D & E) assessed
with viable cell enumeration by agar plate counting and flow cytometry against MRSA.
Fabrics A and B Klopman TTS and in-situ, Fabrics D and E Davo TTS and in-situ.
Mean ± SD, n = 3
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These results were further confirmed by fluorescence microscopy, which is a
qualitative method of assessing cell viability. The plate count results showed a full kill
on CuO impregnated fabrics whereas the FC analysis indicated the presence of
viable cells in the sample. Images from the fluorescent stained slides are shown in
Figure 70. Cells fluorescing green are live and cells fluorescing red are dead cells. It
was observed that there were green stained viable cells present in all the samples.
This showed that there were still viable cells on fabric surfaces.
Figure 70 Fluorescence photomicrographs showing green live and red dead MRSA
cells in post incubation samples from the absorption testing at x200 magnification.
Live cells stained with thiazol orange showed green fluorescence and dead cells
stained with propidium iodide showed red fluorescence. Fabrics A and B Klopman
TTS and in-situ, Fabrics D and E Davo TTS and in-situ
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A similar activity was seen for all the fabrics against P. aeruginosa. As shown
in Table 20, a good agreement between FC results and plate count results was seen
with the control samples but not the impregnated samples. The FC results possibly
indicated the presence of VBNC cells which were not revealed by traditional agar
plate counts. Further analysis by fluorescence microscopy was performed to look for
the presence of viable cells on fabric surfaces (Figure 73).
Figure 71 FC dot plots with FL1 versus FL3 for P. aeruginosa comparing control
cotton fabric against ZnO impregnated fabric. These events shown in green are live
cells (R2) and the events shown in red (top right) are fluorescent counting beads.
Fabrics A and B Klopman TTS and in-situ, Fabrics D and E Davo TTS and in-situ
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Table 20 Mean viable bacterial counts (CFU/ml) by both FC and plate counting after 24























Fabric E (in-situ) 4.67E+08 4.00E+08 3.10E+04 1.00E+02 4.18 6.60
Figure 72 Antibacterial activity of pilot scale CuO PEC fabrics assessed by agar plate
counting and flow cytometry. Fabrics A and B Klopman TTS and in-situ, Fabrics D
and E Davo TTS and in-situ. Mean ± SD, n=3
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Figure 73 Fluorescence photomicrographs showing bacterial viability against CuO
impregnated fabrics against P. aeruginosa at x200 magnification. Live cells stained
with thiazole orange showed green fluorescence and dead cells stained with
propidium iodide showed red fluorescence. Fabrics A and B Klopman TTS and in-
situ, Fabrics D and E Davo TTS and in-situ
As stated before, the antibacterial activity of textile fabrics by viable plate
counting (Absorption 20743:2007 standard) was only based on the presence of
bacterial colonies on the culture media and therefore could not detect VBNC bacteria
180
 
               
         
            
                
            
             
             
               
            
            
          
            
           
            
            
            
                 
           
           
   
              
             
          
           
The VBNC state is a survival strategy used by many bacteria as a response to
adverse environmental conditions (Fakruddin, Mannan and Andrews 2013). VBNC
bacteria cannot be cultured on routine microbiological media, but remain viable and
could also be in a virulent state. One of the objectives of using FC and fluorescence
microscopy was to determine whether VBNC bacterial cells were present on the
fabric surface. The number of VBNC bacteria may relate to the differences between
the number of viable cells enumerated by agar plate counts and the number
enumerated by FC analysis. In cases, where plate counting showed a full kill on the
PEC CuO fabrics, the bacteria counted by FC were VBNC cells.
Similar results were reported by Chadeau et al. (2012). They compared the
antibacterial activity of 35/65 PEC cotton coated with polyhexamethylene biguanide
(PHMB) by both plate count method (ISO 20743:2005 standard) and a fluorescence
based viability assay (Epifluorescence microscopy). The purpose of their study was
to estimate whether VBNC bacterial cells were present after their exposure to
PHMB. The epifluorescence enumeration showed a 4 log higher number of live
Listeria innocua cells compared to the full kill by viable plate count.
The role of VBNC cells as a causative agent in in the spread of infection is still
that ignoring the survival of VBNC cells can lead to an underestimation of the
bacteria on antibacterial textiles (Chadeau et al. 2012). Our results suggest that flow
cytometry and fluorescence microscopy could be used in conjunction with
conventional plating methods to detect both viable and VBNC cell numbers.
unclear, but various researchers have stressed the importance of detecting VBNC 




         
          
              
              
             
                
            
             
              
              
             
            
            
               
                 
               
            
          
              
              
           
              
              
             
                
4.4 Cytotoxicity studies on pilot scale ZnO and CuO fabrics 
Human dermal fibroblast cells (HDF) and human hepatocellular carcinoma cells
(HepG2) were exposed to pilot scale ZnO and CuO fabrics (both TTS and in-situ) by
indirect contact for 1 day and 7 days to determine their potential toxicity. The
cytotoxicity was determined using an MTT assay. This provides a measure of cell
viability as only live cells have the ability to reduce MTT solution into a blue formazan
product. As shown in Figure 74, the cultured fibroblast cells (HDF) remained
metabolically active with both the ZnO and CuO fabrics. No significant difference in
cell viability was observed after 1 day of exposure. The cell viability decreased to
95.2% when cells were exposed to ZnO TTS samples and 96.3% with ZnO in-situ
samples. With CuO TTS and CuO in-situ samples, the viability decreased to 97.3%
and 97.4%. ANOVA showed no significant differences between the cell viability in
ZnO and CuO (TTS and in-situ) suspensions compared to control suspensions.
Even after 7 days of contact with the fabrics cell viability did not drop significantly.
There was less than a 9% decrease in cell viability for all the fabrics compared to the
control sample. The results show that both ZnO and CuO did not induce toxicity in
dermal fibroblast cells (HDF). When comparing ZnO and CuO fabrics, CuO fabrics
showed lower cytotoxicity to HDF cells compared to ZnO fabrics.
These fabrics are intended for use as bed sheets, lab coats, patient gowns and
linens in healthcare settings. The primary contact with fabrics would be skin only. As
the NPs on the fabric surface are sonochemically impregnated (bound antibacterial),
direct contact between nanoparticles and skin cells would be minimal. It would be the
bodily fluids (blood, urine, sweat etc.) from the skin which would dissolve the NPs
into metal complexes or ions. Many researchers have reported that the toxic action
of metal and metal oxide NPs is mainly due to the dissolution of metal ions (Auffan et
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al. 2009, Ma, Williams and Diamond 2013, Petkova et al. 2014). Our results have
shown that the fabrics did not induce any toxicity to skin cells. Tamaekong et al.
(2014) have reported that the risk of dermal sensitivity to CuO is extremely minimal.
Sweigert et al. (2012) also reported that copper and zinc complexes did not induce
any toxicity in human derma fibroblast cells. Petkova et al. (2014) used a similar
indirect method to test the cytotoxicity of ZnO in fibroblast cells and found them to be


























Human dermal fibroblast cells 
1 Day Exposure 





























Human dermal fibroblast cells
7 Day Exposure 
Cont Fab No Fab DMSO ZnO TTS ZnO IS CuO TTS CuO IS 
Fabric type 
Figure 74 Human dermal fibroblast cells viability after (A) 1 day and (B) 7 day
exposure with the suspension from ZnO and CuO impregnated fabrics. ANOVA
showed that the viable counts between control and test samples post incubation are
not statistically different (p >0.05). Mean ± SD, n = 3
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Figure 75 shows the cytotoxicity of ZnO and CuO fabrics to human
hepatocellular carcinoma cells (HepG2). The cultured HepG2 cells showed some
cytotoxicity with both ZnO and CuO fabrics. The cell viability decreased to 79.02%
and 70.7%, when cells were exposed to the ZnO TTS and ZnO in-situ samples. With
CuO TTS and CuO in-situ samples, the viability decreased to 80.7% and 75.7% after
24 hours. After 7 day exposure, the cell viability further decreased to 74% (ZnO
TTS), 64% (ZnO in-situ), 78% (CuO TTS) and 72% (CuO in-situ).
Wang et al. (2011), in their study examined the cytotoxicity of ZnO, CuO TiO2 
and Co3O4 NPs to Channel catfish hepatocytes and human HepG2 cells. They
reported that, HepG2 cells are very sensitive. The results showed that 25mg/l of
CuO and ZnO NPs induced toxicity in HepG2 cells. The cell viability with both ZnO
and CuO NPs was reduced to 85% after 48 hours of exposure.
Even though the ZnO and CuO fabrics induced toxicity in HepG2 cells, they
may still be a safer alternative to toxic silver. A study by Faedmaleki et al. (2014)
examined the toxicity of silver NPs in mice primary liver cells and in HepG2 cells.
The results showed a higher toxicity of silver NPs to both mice liver cells and HepG2
cells. The cell viability dropped to less than 15%.
With the method used for this research, it was not clear whether the toxicity of
ZnO and CuO fabrics to HepG2 cells was due to the NPs being taken up by the cells
or due to the dissolution of NPs into the medium (Zn or Cu ions). Further testing
would be required to determine the toxicity of free metal ions and NPs. Chusuei et al.
(2013) investigated the physiochemical properties that govern the cytotoxicity of
CuO, ZnO, NiO, TiO2 nanoparticles in human bronchial epithelial cells (BEAS-2B)
and human bronchoalveolar carcinoma-derived cells (A549). They determined the
dissolution kinetics of metals from metal oxide NPs in the cell culture medium by
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ICP-MS and GFAA analysis (Graphite furnace atomic absorption analysis) over a
period of 24 hours. The results showed that the addition of NPs to the cell culture
medium did not significantly alter the ph. The results also indicated that cytotoxicity is
a function of metal ion dissolution from the NPs. The researchers have claimed that



















(A) Hepatocellular carcinoma cells (HepG2)
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(B) Hepatocellular carcinoma cells (HepG2)
120 







Cont Fab No Fab DMSO ZnO TTS ZnO IS CuO TTS CuO IS 
Fabric type
Figure 75 Human hepatocellular carcinoma cells (HepG2) viability after (A) 1 day and
(B) 7 day exposure with the suspension from ZnO and CuO impregnated fabrics
Statistically significant differences in the viable counts between control and test
samples post incubation (p <0.05). Mean ± SD, n = 3
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However, as the SONO fabrics are only intended for use as wearable fabrics or
for touch surfaces, they would only come in to contact with the skin. Vandebriel and
De Jong (2012) reported that NPs do not efficiently cross the skin. The results
presented here with the skin fibroblast cells show that both ZnO and CuO fabrics are
not toxic. Hence, these fabrics could be used in the hospitals or health care settings




          
             
               
            
          
           
             
             
            
            
             
               
            
             
         
             
              
     
                
              
             
               
         
5 Conclusion
This study characterized the antibacterial properties of the fabric substrates
synthesized and impregnated with metal oxide NPs from both lab scale and pilot
scale machines. The research presented here is based on a part of the SONO EU
FP7 project aimed at developing antibacterial fabrics for use in hospitals and
healthcare settings to help prevent the spread of pathogenic microorganisms.
The principle method used for antibacterial efficacy testing was the absorption
method taken from the ISO 20743 standard. This is an international standard method
that provides a quantitative measure of the antibacterial activity. This is the most
commonly used of the antibacterial efficacy tests for textiles because this method
more closely mimics real time usage conditions (Swofford 2010). It compares the
growth and survival of a bacterial inoculum on control and impregnated fabrics after
24 ± 3 hour incubation at 37ºC. The research effort was also extended to compare
different methods of assessing the antibacterial activity of these textile fabrics. The
other methods used for the antibacterial testing were a disc diffusion method and
shake flask methods in either saline or nutrient broth.
The leaching of metal ions or NPs from the fabric substrates was also
measured by ICP-OES. The aim was to investigate the role of leaching in the
antibacterial activity of these fabrics.
A further aim of this project was to investigate the use of flow cytometry as an
alternative to agar plate counts for the determination of viable cell numbers and also
to detect viable but non culturable cells (VBNC). The basic absorption method was
used to test the fabrics. The number of viable cells pre and post incubation was
determined using both flow cytometry and agar plate counts.
187
 
             
          
            
             
               
         
              
          
          
           
             
               
               
              
              
   
            
           
             
           
          
               
            
          
Cytotoxicity studies were also undertaken to look at the effects of ZnO and
CuO impregnated fabrics on human dermal fibroblast (HBN) and human
hepatocellular carcinoma (HepG2) cell lines. An indirect contact method was used in
which the fabrics were incubated with growth medium and then this growth medium
was transferred to the test cell cultures. The cytotoxicity was studied over 1 and 7
days using a MTT assay to determine cell viability.
During the initial phase of the SONO project, ZnO (0.3% w/w) and CuO (0.5%
w/w) impregnated cotton fabrics were prepared using a laboratory scale
sonochemical device located at Bar-Ilan University (BIU), Israel. Using the
absorption method, both fabric types exhibited good antibacterial activity against all
the five bacteria tested. P. aeruginosa was the most susceptible strain with ZnO
fabrics showing a full kill whereas S. aureus gave an antibacterial value (A) of 3.66
followed by E. coli 2.94, A. baumannii 2.73 and K. pneumoniae 2.41. In the case of
CuO fabrics, E. coli was the most susceptible, with an antibacterial activity (A) of
4.64 followed by P. aeruginosa 3.84, A. baumannii 3.14, S. aureus 2.96 and K.
pneumoniae 2.92.
Antibacterial A values from the absorption method showed a good level of
antibacterial activity for the fabrics, however, in some cases the percentage
reduction values were quite low. The criterion used with the absorption method for
the classification of antibacterial activity is associated with bacterial growth reduction
and hence does not distinguish between bacteriostatic and bactericidal activity. In
the case of E. coli, the A value showed that ZnO fabrics possessed a significant
antibacterial activity (A = 2.94). However, the percentage reduction was only 4.12%.
These results suggest that percentage reductions should also be considered
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alongside growth reduction and antibacterial A values when choosing appropriate
applications for these fabrics.
To investigate wash durability, the antibacterial activity of lab scale fabrics was
tested following washing at 92ºC for 10 wash cycles without detergent. The
impregnated fabrics still exhibited some antibacterial activity after washing in some
cases (A>1), but the level varied between the test bacterial species. The
antibacterial activity of ZnO cotton fabrics against E. coli decreased from 2.94 to
1.14, and for A. baumannii it decreased from 2.73 to -0.18. For the CuO impregnated
cotton, the antibacterial activity value against E. coli decreased from 4.64 to 0.73,
and for A. baumannii it decreased from 2.96 to 1.67. Thus in each case washing was
associated with a significant reduction in antibacterial activity. This decrease in
activity was presumed to be due to the loss of nanoparticles from the fabrics upon
washing.
In the later stages of the project, antibacterial testing was extended to fabrics
prepared using the two pilot scale machines. Two sets of CuO polyester cotton mix
fabrics were produced at pilot plants in Italy and Romania. The fabrics were
impregnated using either the sonochemical method for generation and impregnation
of nanoparticles from metal complexes (in-situ as used at a laboratory scale), or by
a 'throwing the stones' (TTS) technique. The TTS method employed ultrasound to
impregnate the fabrics with commercial NPs from an aqueous suspension. CuO was
preferred over ZnO for this phase of the project. This helped in the initial assessment
of coating quality as the CuO coverage was visible. Absorption testing for
antibacterial efficacy against MRSA and P. aeruginosa showed a complete bacterial
kill on all 4 fabrics.
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During the optimisation of lab scale process to the pilot scale, cotton fabrics
were substituted with the 60/40% PEC mix. The antibacterial testing results showed
an improved antibacterial activity for pilot scale PEC fabrics compared to lab scale
cotton fabrics. Where, the lab scale CuO cotton fabrics showed a percentage
reduction of 89.07% and 97.50% for S. aureus and P. aeruginosa, the pilot scale
fabrics showed a complete kill on their surface giving a percentage reduction of >
99.9% for both MRSA and P. aeruginosa.
In this study, the disc diffusion method was used as a semi-quantitative
method to provide a rapid assessment of antibacterial activity. The disc diffusion
results showed that the activity of ZnO and CuO fabrics behaved in a similar way
against individual species, but differed between species. The disc diffusion results
showed that S. aureus was the most susceptible strain, with a zone of inhibition
(ZOI) of 18.5 mm with the ZnO cotton and 18 mm with the CuO cotton. While E. coli
gave a ZOI of 13.5 mm with the ZnO cotton and 14.5 mm with the CuO cotton. No
ZOI was observed against A. baumannii. This is in contrast to the results from the
absorption tests which showed significant antibacterial activity for both the ZnO and
CuO against A. baumannii. Similar differences with disc diffusion testing were
observed with the pilot scale CuO samples against MRSA and P. aeruginosa. A 20
28 mm ZOI was observed against the Gram positive MRSA, but no ZOI was
observed for the Gram negative P. aeruginosa. Again the absorption testing showed
that the CuO fabrics were highly effective against both species. 
The disc diffusion method is only suitable for materials treated with
antimicrobial agents that leach out of the material. In these tests the loss of CuO
from the fabrics was observed as a loss in colour of samples during incubation on
the agar plate surface (brown to white). In the shake flask tests with nutrient broth,
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the CuO fabrics also lost their colour. At the same time, the nutrient broth solution
changed colour from pale brown to khaki green. This would suggest that the CuO
was dissolving to form green copper complexes rather than diffusing as intact NPs
from the fabrics. Dissolved copper and zinc are known to be antibacterial. The
change from solid metal oxide NPs to dissolved metal ions may explain the
differences in activity observed between the disc diffusion tests and the absorption
test results. For example, A. baumannii may be more susceptible to antibacterial
effects of the nanoparticles than to dissolved copper or zinc.
Although the disc diffusion testing was much quicker and less labour intensive
than the absorption method it did not give a similar indication of antibacterial activity.
It was therefore concluded that the disc diffusion test would not be a suitable
alternative method for quality control testing during fabric production on an industrial
scale.
The shake flask tests in nutrient broth and saline were performed as an
alternative to the disc diffusion method and to further elaborate on the results from
the absorption technique. The shake flask test in nutrient broth showed similar
results to those obtained using the disc diffusion method. The antibacterial activity
with the ZnO and CuO cotton was greater against S. aureus and E. coli than it was
against A. baumannii. ZnO fabrics reduced S. aureus growth by 99.87% and E. coli
growth by 99.82%. A. baumannii was the least susceptible bacterial strain with ZnO
coated fabric showing only a 56.43% reduction in bacterial growth after 24 ± 3 hours.
Absorbance measurements were used to estimate viable bacterial numbers for
the shake flask tests in nutrient broth. Although the method was quite fast and
simple, it was more susceptible to contamination due to the high levels of nutrients
during incubation. In the case of CuO fabrics, leaching of copper into the nutrient
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broth was observed through a change in the colour of the solution. The colour
change affected the absorbance measurements of the medium resulting in false
positive results. Both the disc diffusion method and the shake flask nutrient broth
method assessed the antibacterial activity of the NPs under similar high nutrient
conditions during incubation.
The shake flask test in saline was a more suitable method than the nutrient
broth test as very little nutrient source was present during incubation. As the growth
was much slower without added nutrients, agar plate counting had to be used
instead of absorbance measurements. The results showed that both ZnO and CuO
fabrics reduced viable cell numbers to undetectable levels for E.coli, S. aureus and
A. baumannii. The CuO cotton fabrics exhibited excellent antibacterial activity by
completely killing all the three bacteria within 1 hour of incubation. In the case of ZnO
fabrics, activity was more effective against E. coli than S. aureus and A. baumannii.
ZnO fabrics completely inhibited E. coli growth within 1 hour of its incubation in
comparison to 3 hours for the other two bacteria.
For the pilot scale samples, the results from the shake flask method in saline
showed that fabrics impregnated using the sonochemical technique (in-situ)
displayed a greater antibacterial activity than the fabrics prepared by the TTS
technique. The results from the shake flask tests in saline provided evidence for
differences in the fabrics that were not apparent from the absorption test results. The
absorption results showed that both TTS and in-situ fabrics showed a complete
bacterial kill against MRSA and P. aeruginosa. However, the shake flask results in
saline showed that the in-situ fabrics completely inhibited the growth of MRSA and P.
aeruginosa within 3 hours contact time. Whereas, the TTS fabrics only reduced
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growth of MRSA and P. aeruginosa to a maximum of 3 log reduction over 24 ± 3
hours incubation.
HR-SEM images also showed that the CuO NPs produced with the in-situ
technology were well distributed on the surface of the textile fibres. The CuO NPs on
the TTS fabric fibres were not so evenly distributed, with large clumps of NPs rather
than a uniform covering. The antibacterial activity of NPs generally increases as the
size decreases so this clumping may have reduced the activity of the CuO NPs on
the TTS fabrics.
The shake flask method in saline is not widely used to assess antibacterial
activity of fabrics. A small piece of fabric is immersed in a large amount of fluid, with
samples being taken from the fluid and not from the fabric surface itself. However,
our shake flask results matched very well with the results from the absorption tests.
Shake flask method in saline could be a better suited method for hydrophobic fabrics
such as polyester cotton, that display poor wetting of its surface with bacterial
inoculum by absorption method.
The shake flask test is not recommended for antibacterial agents that diffuse
out of textiles. Inductively coupled plasma optical emission spectrometry (ICP-OES)
was used to assess the amount of zinc and copper released from the test fabrics
after 3 hours shaking in saline solution at 37ºC. The initial concentration of ZnO and
CuO on the fabric surface was 0.39% and 0.51% w/w of the fabric respectively. ICP
analysis showed that just 13.2% of the total Zn and 2.5% of the total Cu was leached
out from the impregnated fabrics. The ICP analysis did not differentiate between
dissolved metals and NPs, because any free NPs present in the leachates would




           
            
            
              
              
               
           
            
           
             
     
             
             
               
              
              
            
              
             
 
             
            
              
               
               
A series of experiments were conducted to determine whether the solutions
leached from the fabrics into saline showed any antibacterial properties. The saline
leachate solutions were tested using the shake flask method. The fabric samples
were removed after the initial 3 hour incubation; prior to adding bacteria. The results
showed that the saline leachate from the ZnO cotton fabric was able to completely
inhibit the bacterial growth for S. aureus, E. coli and A. baumannnii within 3 hours
incubation. These results demonstrated that direct contact between the bacteria and
the fabrics was not necessary for antibacterial activity. This experiment did not
differentiate between antibacterial activity from free NPs, dissolved metal ions, or
any other soluble antibacterial agent. The leachate solutions from the CuO cotton did
not show any antibacterial properties.
A similar pattern of activity was observed when solutions of zinc and copper
were prepared at the same concentration as the leachates from zinc chloride and
copper sulphate and tested against E. coli. The Zn solution (13 mg/L) was found to
be active by completely inhibiting E. coli growth within 3 hours of incubation, while
the copper solution (2.5 mg/L) did not show any antibacterial activity even after 24
hours. Therefore the dissolved zinc could be responsible for the antibacterial activity
associated with the leachates. It was not possible to test suspensions of intact NPs
at these concentrations as the NPs were only available actually impregnated on the
fabrics.
ICP analysis of saline leachate solutions from the 4 pilot scale CuO fabrics
showed lower concentrations of copper even though the total concentrations on the
PEC fabrics were similar to the lab scale cotton fabrics. The initial concentrations of
CuO on the fabrics were: 0.91% w/w CuO for the Klopman TTS (Fabric A); 0.90%
w/w CuO for the Klopman in-situ (Fabric B); 0.62% w/w CuO for the Davo TTS
194
 
               
             
              
              
            
               
          
               
            
           
            
               
              
             
             
                
              
         
            
             
             
              
                
               
                   
(Fabric D) and 0.37% w/w CuO for the Davo in-situ fabric (Fabric E). ICP analysis
showed the following percentages of copper leached in to the solution: 0.35% from
Klopman TTS; 0.41% from Klopman in-situ; 0.21% from Davo TTS and 0.47% of Cu
from Davo in-situ. Leachates from all 4 of the fabrics showed an antibacterial effect
against MRSA and P. aeruginosa after 24 hours incubation. The antibacterial activity
of the leachates from the in-situ fabrics was greater than that of the leachates from
the TTS fabrics, completely inhibiting bacterial growth within 3 hours incubation. 
In experiments with E. coli, the leachates from the lab scale CuO fabrics did not
show any antibacterial activity. The copper concentrations in the leachates from the
sonochemically produced in-situ pilot scale fabrics were much lower; however, they
did show significant antibacterial activity. The leachates from the pilot scale in-situ
fabrics reduced the number of viable E. coli to undetectable levels within 24 hours of
incubation. There was very little activity with the leachates from the TTS fabrics even
though the copper concentrations in the 4 leachates were very similar. The disc
diffusion results also showed activity with the in-situ fabrics against MRSA, but very
little with the TTS fabrics. The higher activity of in-situ fabrics may have been due to
the smaller sized NPs on their surface which may have dissolved more readily and
produced more copper ions compared to the TTS fabrics.
In a further experiment, saline leachates from the pilot scale fabrics were
centrifuged to separate solid CuO from dissolved copper. ICP analysis of the copper
concentration in the total leachate, the supernatant and the pellet showed that the
TTS and in-situ CuO fabrics behaved differently in terms of the amount of dissolved
copper and the amount of solid CuO release into the saline solution. In the case of
the TTS fabrics, most of the copper in the leachates was pelleted and thus most
likely in the form of CuO NPs (67% for Klopman A and 85% for Davo D). In the case
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of the in-situ fabrics, most of the copper in the leachates was found dissolved in the
supernatant fraction (77% for Klopman B and 94% for Davo E). This showed that the
leachates from the in-situ fabrics contained a higher proportion of dissolved copper
as compared to the CuO NPs. Though these results would seem to suggest that the
dissolved copper may be important for antibacterial activity they contradict earlier
results. The copper solution with 2.5 mg/L showed no activity against E. coli,
whereas the leachate solutions with <1 mg/L copper were active. Therefore, there
must be factors other than the amount of dissolved copper involved in the
antibacterial activity of the CuO NPs. For example, the NPs produced in-situ may
produce more reactive oxygen species than the TTS NPs. Further experiments could
be completed to rule out the presence of other chemical contaminants introduced
during the impregnation process at the pilot scale.
Flow cytometry (FC) was used in this study to determine whether it could be an
alternative method to agar plate counts for the measurement of viable cells numbers
with the absorption method. A series of experiments were performed to measure the
sensitivity of the BD FACS system to detect viable bacterial cells. Dilutions of 3, 4, 5
and 6 fold of a 3 hour culture (~108 CFU/ml) of S. aureus, E. coli, A. baumannii,
MRSA and P. aeruginosa were run on the BD FACS system. Samples from the
same dilutions were also plated on nutrient agar for comparison. These experiments
suggested that the limit of detection of the flow cytometer for viable bacteria was
around 10,000 viable cells per ml. A linear relationship was seen in cell numbers
when measured from 1,000,000 cells per ml down to around 10,000 cells per ml.
Once the dilution reduced the number of cells to less than around 10,000 cells per
ml, the FC counts started to deviate significantly from the counts predicted for linear
relationship. At these concentrations the numbers of viable cells counted using the
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FC system were very small and very hard to differentiate from measurement noise.
The results showed that this technique is not suitable for measuring low bacterial
concentrations (<10,000 CFU/ml) and so may underestimate or overestimate total
cell numbers.
Viable counts with ZnO fabrics for S. aureus by FC and plate counting were
quite similar for the reference samples where there were high numbers of viable cells
(2.9 x 107 for FC and 5.4 x 107 for plate counts). With the ZnO NP impregnated test
samples, FC gave higher viable counts (4.8 x 106 CFU/ml) than agar plating (1.2 x
104 CFU/ml). Similar results were also seen for the pilot CuO fabrics, where viable
cell counts by FC and plate counting were close to each other, but quite different
with the CuO test fabrics. In the case of MRSA, when tested against all 4 CuO
fabrics, similar FC and plate counts were observed for the reference fabrics (1.8 x
108 CFU/ml). However, the viable counts for CuO fabrics varied significantly. Where
the plating results showed a full kill on all the 4 fabrics, FC counts were between 3.1
x 104 and 3.6 x 105 CFU/ml.
Differences between the FC counts and plate counts were observed in
particular with S. aureus and MRSA. This may have been due to the tendency of
these bacteria to form aggregates or clumps. The brief sonication of samples in
preparation for flow cytometry may have disaggregated some of these clumps
resulting in higher counts than by agar plating. This was evident from the sample
preparation experiments, where sonication for 2 minutes de-clumped S. aureus and
MRSA cells giving viable counts of 2.6 x 107 CFU/ml and 1.2 x 108 CFU/ml




              
            
               
          
              
            
            
             
     
            
             
              
             
            
             
   
            
              
          
             
               
             
             
              
                
Another reason for the variation in FC counts and plate count results could be
the presence of viable but non-culturable cells (VBNCs). Even though the absorption
test results for the pilot CuO fabrics showed a full kill against MRSA and P.
aeruginosa, fluorescence micrographs showed that viable cells were still present.
VBNC cells take up the viable cell stain (thiazole orange) but exclude the propidium
iodide stain because their membrane is undamaged. Though they remain viable they
no longer reproduce well under normal nutrient agar culture conditions. They retain
the ability to transform into a metabolically active state and indicate that the
treatment is not fully biocidal.
Overall the results presented here show that flow cytometry cannot be used
solely as a method for measuring viable cell numbers with the absorption method
mainly because of the poor limit of detection compared to the plate counting. FC
analysis is faster and less labour intensive compared to plate counting and also
potentially demonstrates the presence of VBNCs. Hence, this method could be used
in conjunction with other quantitative methods as a confirmation test to assess the
antibacterial activity.
Cytotoxicity studies have demonstrated that the ZnO and CuO fabrics did not
induce apoptosis (> 95% cell viability for all fabrics) in human dermal fibroblast cells
(HDFC). However, some cytotoxicity was observed in hepatocellular carcinoma cells
(HepG2). All the fabric types induced toxicity by reducing HepG2 cells between the
range of 71 - 81% after 24 hours. Compared to other antibacterial agents, ZnO and
CuO have shown very little cytotoxicity to HepG2 cells (Bondarenko et al. 2013).
Studies have shown that the NPs do not translocate though the skin barrier
(Vandebriel and De Jong 2012). These fabrics are not intended for use as wound
dressings but for use as bed sheets, curtains and lab coats to reduce the spread of
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microbial contamination. Hence, the risk of NP mediated damage to human cells
should be minimal and the fabrics could be used safely in healthcare settings to
reduce cross contamination.
This study has shown that the sonochemical method of formation and
impregnation of CuO and ZnO NPs onto cotton and polyester cotton fabric
substrates is a suitable method for the production of antibacterial fabrics. The use of
CuO and ZnO impregnated fabrics provide an alternative to Ag coated fabrics and
could help to reduce micro-organisms involved in nosocomial infections. These
fabrics could have a great societal effect on the mortality and morbidity by reducing
the number of nosocomial infections resulting in reduced healthcare costs. As
mentioned earlier; 65 percent of nosocomial infections are caused by biofilms
(Percival and Bowler 2004). Effective infection prevention strategies, such as using
sonochemical fabrics, could help prevent colonization with biofilms by inhibiting
bacterial cell survival on the fabric surfaces. Developments in antimicrobial fabrics
clearly hold promise in medical applications in the near future. However, their impact
on the human health and environment needs to be well researched and established
before they can gain commercial acceptance and wide spread use.
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6 Future work
This study explored the antibacterial properties of sonochemically impregnated
ZnO and CuO fabrics. However, there are still some areas that remain to be
investigated. Experiments conducted for pilot scale fabrics concentrated on the CuO
impregnated fabrics. Towards the end of the project, ZnO fabrics were also
manufactured using the pilot machines. As differences were observed in the
antibacterial activity of CuO fabrics from the lab scale to the pilot scale, it would be
interesting to look at the antibacterial properties of industrially manufactured ZnO
fabrics.
Within this work the wash durability of the pilot scale fabrics was not
investigated. During hospital laundering, fabrics undergo rigorous washing cycles at
high temperatures and using harsh detergents. In regards to the NP impregnated
fabrics, this could result in washing of nanoparticles from the fabric surface. In order
for antibacterial fabrics to be adopted on a wide scale in hospitals they need to retain
their antibacterial efficacy after washing. Hence, it is necessary to establish the
laundering durability of the pilot scale fabrics with detergents to evaluate the
adherence of sonochemically impregnated NPs to the fabric surface. 
The antibacterial efficacy testing was only done against bacterial species.
However, the hospital environment is also under optimum conditions to support the
growth of fungi. Some antibacterial testing with C. albicans was also done during this
project at a partner institute (NIT) in Romania. Using the absorption method they
found good activity for CuO fabrics against C. albicans. Further work could be
expanded to test fabrics against different species of fungi as well such as Aspergillus




               
             
           
             
              
             
               
           
               
             
             
            
            
              
             
                 
                  
                
              
            
            
               
 
              
               
The growth of biofilms on surfaces in hospitals is one of the major obstacles in
the treatment of nosocomial infections. A bacterial cell attaches to and colonizes a
surface in the initial attachment step followed by proliferation, accumulation and
maturation to form a biofilm. These fabrics could be tested against biofilm forming
microbes such as Candida albicans, S. aureus and S. epidermidis. Pati et al. (2014)
investigated the antibiofilm activity of ZnO NPs against S. aureus. They developed S.
aureus biofilms on glass slides and transferred these into a 24 well plate to test
against ZnO NPs. They found that ZnO NPs disrupt biofilm formation.
The aim for the SONO fabrics is for them to be used by humans occupationally
or via consumer products and as such cytotoxic studies on these fabrics are
important. Our results have demonstrated that the SONO fabrics are not cytotoxic to
human dermal fibroblast cells. However, some toxicity has been observed in HepG2
liver cells. In the present research cytotoxicity experiments were performed using an
indirect method, in which the fabrics were soaked in growth medium and then this
medium was transferred to the cell cultures (Section 3.20.2). Using this method used
it was not clear whether the toxicity of ZnO and CuO fabrics to HepG2 cells was due
to the NPs being taken up by the cells or due to the dissolution of NPs into the
medium (Zn or Cu ions). In further work the amount of zinc and copper released from
the fabrics into the media could be measured using ICP analysis. This could be
followed by incubation of the cells with growth media containing the same
concentrations of zinc and copper. These tests would help to differentiate between
cytotoxicity induced by the metal oxide NPs and the free metal ions (Chusuei et al.
2013).
From the leaching tests and ICP analysis, it was found that ZnO and CuO
contents were leached into the saline solution. It was not clear whether it was the
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release of metal ions or intact nanoparticles that was responsible for their
antibacterial activity. Further experiments such as particle size analysis and
scanning electron microscopy (SEM) may help to confirm whether nanoparticles are
released from the fabrics.
This work has also shown that the activity of the ZnO and CuO NPs can vary
depending on the type of method used for the antibacterial analysis. The methods
involving high nutrient conditions (disc diffusion and shake flask in NB) tended to
show lower levels of activity than the tests under low nutrient condition (absorption
and shake flask in saline). The nutrient media tended to promote the dissolution of
NPs in to metal ions. Consequently, in the tests with nutrient media the bacteria may
have been exposed to dissolved metal ions rather than NPs. The organic
components in the media may also complex with the free ions reducing their activity.
Variation in the activity of the NPs under the different testing conditions may have
implications for their activity in actual use. Further work could examine the effect of
testing conditions on the dissolution of Cu and Zn from NPs and further investigate
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